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INTRODUCTION

The 28 day bedrest study reported in this document was the second

phase of a two part study; the first phase, a two week bedrest study,

was completed in 1975, and the results were reported previously. This

study began as a simulation of Skylab II, the 28 day flight, and was

later modified to focus on certain scientific questions and to test

the efficacy of a counter measure, saline ingestion during four hours of

-30 mm Hg LBNP, which had received favorable preliminary reports from

the west coast (i.e. Hyatt). As indicated by the title, the study was

a cooperative effort by JSC and The Methodist Hospital, the latter being

contracted to organize and administrate the project, supplying subjects,

support personnel such as nurses and food technicians, and bedrest and

housing facilities (Contract #NAS-9-14578). The scientific research

was supported by other contracts or funds held by the various primary

investigators.

In broad terms the project consisted of three phases: a three week

diet controlled period, when baseline physiological data were obtained;

a four week bedrest period; and a two week recovery period. A complete

description of the project and its purpose including specific protocols

and methods can be found in Volume I of this document. For convenience

the schedule of testing and an outline of the counter measure study per-

formed at days 13, 14 and 15 of bedrest is duplicated in the Appendix of

this volume.

The paid volunteer subjects who participated in the project were

between 26 and 37 years old; most were students; all were in good

physical condition as determined by a routine history and physical



CBC, urinalysis, SMAC, and stress EKG. Although none was an athlete per

se, all were physically active. Informed consent was obtained.

In the following pages the various primary investigators report

the results of the medical testing. The reports were not edited by the

contractor, but were assembled as received with minor changes. Methods

are generally abbreviated, since they exist in complete form in Volume I.

In addition to the reports, much of the raw data is included so that it will

be available in the future to other investigators for analysis. Concluding

the report is a summary prepared by Philip C. Johnson and Cheryl Mitchell

of The Methodist Hospital. The conclusions reached are the opinions of

these individuals and not a consensus of the primary investigators whose

reports follow and are quoted in the document.
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November 12, 1976

METHODIST HOSPITAL BEDREST STUDY - PHASE II

Food and Nutritional Support - Final Report

Connie Stadler, R.D.

Individual 6-day menu cycles were designed for each bedrest subject based

upon their individual food preferences and the Skylab nutritional constraints.

In order to determine food preferences, the subjects consumed an evaluation diet

consisting of Skylab food for 6 days approximately 2 or 3 weeks prior to the

study. The evaluation diet was designed to allow the subjects to taste each of

the available food items 1 or 2 times and to rate each one on a 9-Doint hedonic

scale (Table I).

Evaluation diets were planned at 280_ calories per day and a variety of

additional items were supplied to allow subjects to adjust their caloric intake

as needed. The caloric intake of each subject during this period was used alon_

with calculated caloric reauirements based uoon height, weight and age to

determine the caloric level of each individual menu cycle.

The Skylab nutritional constraints are listed in Table 2. Individual menu

cycles for each subject are listed in Tables 3-8.

Menu cycles for individual subjects were revised at various times during

the study for a number of reasons. In some cases the sunply of various food items

was exhausted during the study. Because of the repetitious nature of the menus,

it was desirable to use as many different food items as possible in menu planning;

however, some items were available in much greater supply than others. Since

previous exnerience revealed the inevitability of menu cycle revision during

bedrest, it was decided to include items which were not available in sufficient

sunply to last throughout the study if specific individuals indicated a high

preference for them.



A. 2

In some cases different food lots were used for a given item requiring some

menu modification. Each of the Skylab food items was produced in 3 different

production lots and nutritional analyses were done on each lot. These 3 lots

were used for astronaut evaluation, for Skylab Medical Experiments Altitude

Test (SMEAT) and for flight during the Skylab missions. The nutritional

profile was not necessarily the same for all test nutrients in each food lot.

This was particularly true of sodium since some effort was made to reduce sodium

levels in some foods in the flight lot. During the bedrest study when a supply

of food in a given lot was exhausted the same item from another lot was used if

available, but frequently that necessitated some additional menu adjustments in

order to keeo nutritional intake of all test nutrients at a constant level.

Individuals developed a dislike for certain items, particularly during

the bedrest phase of the study, and it became necessary to revise menus on that

account in order to maintain constant nutrient intake levels.

For most of the subjects, caloric intake decreased during bedrest (Table g).

Usually this was accomplished by eliminating high calorie foods available for

supplemental snacking, but in some cases rather extensive menu revision was

necessary in order to maintain the test nutrients at a constant pre-rest level.

During the Period between the menu evaluation and the beginning of the

control diet, subjects were instructed to eat some high calcium foods each day

in an effort to maintain daily calcium intakes around 80_ mg. They were also

requested to keep a record of all foods eaten during that period. The Primary

nurDose of the food records was to focus and maintain the attention of the

subjects on their food intake so they would remember to include calcium containing

foods in their diet. From the food records, it anpeared that everyone made an



.__ A. 3

effort to include some high calcium-containing foods in their diet most of the

time. Estimated daily calcium intake before the study averaged between 750 and

1200 mg, however, variation was very large, the estimated range was 200 to 2500 mg

calcium. Estimated calcium-to-phosphorus intake ratios during the pre-study

period varied from equal amounts of calcium and phosphorus to 1 part of calcium

to 4 parts phosphorus.

During the periods of controlled dietary intake, controlled nutrients fell

within Skylab constraints for both level of intake and variability (Tables 10-15).

Sodium levels were adjusted to a constant level each day by the addition of

appropriate levels of table salt, however, the broth caper did impact the

variability of sodium intake during the rest and post-rest phases of the study.
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BAYLOR BEDREST PHASE il

Biochemical Results

Carolyn S. [each and Martha T. Troell

The utilization of bedrest as a comparison to weightlessness in

spaceflight has been frequent in the past. This 28 day bedrest study

was to compare observed electrolyte and hormonal changes to those seen

in 28 days of spaceflight. (I)

Experimental Protocol and Methods

Each of the six subjects established his baseline data during the

twenty-one day prebedrest period. Twenty-four hour urine collections

began at this time and continued throughout bedrest and for 14 days

after arising. Bedrest days 13, 14 and 15 were termed crossover days.

Each subject was treated with a regime of either saline, saline during

by lower body negative pressure (LBNP) or no treatment on each of the

three days. Urine data charts, Tables II and III, reflect the order

of these treatments for each subject. The purpose of such a protocol

was to ascertain the effect of saline and LBNP or saline alone on a

subject's ability to with stand an orthostatic stress (LBNP) during

and after bedrest. Saline was administered in the form of bouillon

cubes dissolved in water. Free amino acid and electrolyte analysis

of the bouillon were conducted. Routine biochemical parameters were

measured by methods normally used in a clinical laboratory. Other methods

required for further testing included radioimmunoassay and spectro-

fluorometry. Urinary biochemical parameters al'e as follows: volume,

specific gravity, osmolality, sodium, potassium, chloride, calcium,
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magnesium, inorganic phosphate, uric acid, creatinine, cortisol,

aldosterone and anti_iuretic hormone (ADH).

A fasting blood sample was drawn on each subject at 7amat 25

and 14 days prior to bedrest, and on the day that bedrest began.

Sampling during the bedrest period was on day 8, 13, 14, 15, 21 and 27.

lonized calcium was determined at R+O;all blood testing was carried

out on Recovery days I, 6, and 13. Tests performed on plasma were

angiotensin I, aldosterone, cortisol, insulin, growth hormone (HGH),

triiodothyronine (T3) and thyroxine (T4). Serumwas assayed for

glucose, cholesterol, SGOT,SGPT,BUN,uric acid, alkaline phosphatase,

calcium, magnesium, inorganic phosphate, total bilirubin, creatinine,

CPK, LDH, osmolality, sodium, potassium, chloride, triglycerides, and

ionized calcium.

Feces was collected throughout the study, weighed, lyophilized and

delivered for analysis.

A daily diet of spaceflight food was given to the subjects who were

instructed to consumeit all. Thereby, it was knownthe exact intake

of foed constituents for each subject. This record was kGpt along with

fluid intake and daily body weights.

Results

Table I gives the free amino acid and electrolyte analysis of the

bouillon supplement. Tables II and III show daily urinary endocrine

and biochemical results with the mean for each period of the study.

Percent change from the baseline to the mean of bedrest and to recovery
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was calculated. Urinary cortisol, aldosterone, and ADH were elevated

during bedrest; the recovery data show a continued elevation of ADH in

all subjects, increased cortisol in 4 of 6 whereas aldosterone was in-

creased in 3 subjects and decreased in 3. Osmolality decreases were

observed in bed, while recovery data is variable. Increases were

detected in the urinary assays of sodium, potassium, chloride, calcium,

phosphorus, magnesium, uric acid, creatinine and volume measurement.

Those differences significant at the 0.05 level or less are indicated

on Table IV.

Table Va lists the mean values for each treatment near the crossover

period. Table Vb summarized the effect of the crossover protocol on

several urinary parameters. These data were analyzed for all 5 subjects

in the same treatment sequence. Generally, significant changes (p < .05)

were seen between the 6 day precrossover mean and the saline, LBNP treat-

ment and between the precrossover mean and saline protocol.

Plasma and serur. _ results are listed in Table VI and VII. Statisti-

cally significant differences (p < .05) between prebedrest means and

some bedrest draws and between prebedrest and recovery data are indicated

on Table VIII.

To summarize the results of percent change calculations, decreases

during bedrest include glucose, SGOT, calcium, magnesium, CPK, LDH,

osmolality, sodium, potassium, chloride and ionized calcium. Cholesterol,

SGPT, BUN, and phosphate are elevated, while _ric acid, alkaline phos-

phatase, bilirubin, and creatinine results were variable. The recovery
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phase showedelevated glucose, uric acid, alkaline phosphatase, phosphate

and triglycerides, cholesterol was up at R+I and variable thereafter.

Decreaseswere observed for calcium, magnesium,osmolality, sodium,

potassium, chloride and ionized calcium. BUNwas still downat R+I

and variable thereafter. Data are variable after bedrest for SGOT,

SGPT,bilirubin, creatinine, CPKand LDH.

There were no significant changes in the subjects' bodyweight

during bedrest or recovery.

DISCUSSION

Several bedrest studies of one month duration have been conducted.

However, biochemical and endocrine studies have not been given emphasis

except in the calcium area. It remains to study these changes in a

protocol more realistic to actual space flight mission activities. This

study was conducted to simulate a 28 day space flight without significant

exercise. The biochemical findings are discussed in relation to Skylab 2

findings.(I)

This study extends the calcium metabolism investigations of previous

studies by the addition of ionized calcium measurement. These subjects all

showeddecreased ionized calcium 3-7% durinq bedrest. These findinqs occur

at the sametime that total serum calcium decreased and phosphorus in-

creased. All six subjects increased the urinary excretion of calcium

and phosphorus during bedrest. Because of the difficulty in measuring

ionized calcium it has not often been considered. Heath and colleagues

in 1972 reported abnormal elevations of serum ionized calcium during

bedrest in all four subjects while serum total calcium remained normal;
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however, this study was for 12 days. (2) The bedrest period in our study

was twice the duration of Heath's study, we believe that this accounts

for the decreases we observed. Schneider has found decreases in total

serum calcium and increases in serum phosphorus in bedrest of durations

longer than l month.(3) The pathogenesis of these changes remains obscure

however the finding of decreased total and ionized calcium in the bedrest

concomitant with increased phosphorus level and urinary loss of Ca suggests

a more renal-parathyroid involvement in the calcium loss than previously

considered.

It has been demonstrated that exposure to weightlessness results

in a redistribution of the volume of blood within the vascular system.

This redistribution is interpreted as an increase in blood volume by

stretch receptors in the left atrium, thus causing a compensatory loss

in water, sodium and potassium from the renal tubules. This loss in

water has been manifested after every space flight as a loss in body

weight, most of which is rapidly regained on the first post-bedrest

day. It should be pointed out, however, that some of this body weight

loss is not regained and is thougbt to be comprised of both fat and pro-

teinaceous material. The decreased adiposity has been attributable to

a hypocaloric food intake, while the loss in the elemental constituents

of the musculoskeletal system appears to be a more direct consequence

of reduced compressional and tensile forces.

Skylab 2 crewmen showed mean weight losses of !2.5 pounds. Body

weight changes are not characteristic of bedrest, in fact, care must
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be taken to prevent weight gain during the bedrest phase. The subjects

in this study did not lose weight. A comparison of urine volume and

sodium excretion in the Skylab II Crewmen and the 6 subjects of this

bedrest shows sodium excretion elevated in both groups about the same

from control values. The differences in the magnitude of the sodium

changes appear in days 2-7 in Skylab. This is the same period when

the intake was generally decreased in those crewmen. Twenty-four

hour urine volumes are elevated the first two days of bedrest, but

not in space flight. _ith the exception of this initial period,

subsequent 24 hour urine volumes were not significantly different

from those obtained pre- and post-bedre_-;t.

Urinary ADH showed an overall elevation on 4 out of the first

5 days in bedrest. It was decreased on day 3.

The concentration of serum sodium was not altered with four weeks

of bedrest in spite of the additional regimes of saline therapy. The

bedrest subjects showed slight decre_,ses from prebedrest means and

post-bedrest. Serum potassium v_as sligktly decreased in all 6 subjects.

The magnitude of the potassium decrec, se _;as about the same as observed

in the Skylab II crewmen. Urinary potassium _,,as elevated in bedrest.

Again, these results compare favorably in direction if not in magnitude

to the Skylab results. The rigid adherence to the control diet during

all phases of the study adds to the significance of the loss in both

sodium and potassium.

The negative sodium and potassium balances have been accompanied by

increased aldosterone excretion in space flight crewmen. An overall



B. 7

increase in aldosterone was observed during this bedrest study which

we have reported previously when it was shown to be elevated in bedrest

subjects on controlled diet and no medication for 2 weeks. (4) The

magnitude of this increase, however, is not as great as that (84%) shown

during the first two weeks on the Skylab flights. This finding of a

slight increase in 6 subjects confirms our previous 2 week bedrest

study results.

Plasma aldosterone and renin activity were variable as with space

flight but were generally decreased early then increased.

Blood urea nitrogen has been decreased following space flight. It

was very slightly increased until the end of the bedrest period. Urinary

creatinine was not altered during or post-bedrest and plasma creatinine

was not effected by the bedrest. These results are comparable to other

bedrest findings.

Uric acid excretion was generally increased in all subjects during

this bedrest. This is unlike space flight where the excretion of uric

acid was decreased. Plasma levels were not significantly changed with

bedrest. Following space flight serum uric acid has generally been

found to be decreased.

Adrenal cortical hormones have been of significant concern since

early space flight. The findings during and following bedrest have been

variable. This study showed overall increases in urinary cortisol with

slight decreases post-bedrest in plasma cortisol.

To examine the reported decreases of plasma glucose with bedrest,

insulin, growth hormone and glucose were measured before and following
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bedrest. (s) Glucose was decreased in 4 of the 6 subjects during bed-

rest and insulin was slightly elevated. Humangrowth hormonewas more

variable but gemerally decreases from pre-values were observed.

Cholesterol was also variable but were generally increased. This

Study did not show the decreased cholesterol which has been observed

following space flight for as long as 3 weeks. However, 5 of the

subjects did show slight increases in thyroxine and triiodothyronine

during bedrest. Skylab results also showed increased thyroxine after

spa_e flight.

Alkaline phosphatase was increased in 5 out of 6 subjects after

2 weeks of bedrest. This enzymehas shownvariable results after bed-

rest and has not been changed due to space flight. The role of alkaline

phosphatase in calcium metabolism would support the elevation of this

enzymein light of the increased calcium and phosphorus excretion.

Following Apollo flights alkaline phosphatase was slightly increased;

however, it was slightly though not significantly decreased following

Skylab. (6)(7)

Creatinine phospokinase (CPK) and lactic dehydrogenase (LDH) were

decreased during this bedrest study. After Skylab, CPKwas generally

increased during the recovery phase. The finding of this study were

more variable. Both the CPKand LDHresults are intepreted to be re-

lated to decreased muscle activity during bedrest and an increase during

the post phase.
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Significant biochemical changes have occurred during and after

4 weeks of absolute bedrest. Most of these changes a_e similar in

direction if not magnitude of those observed during and post flight

on the Skylab crewmenafter one month in space.

The cross over part of the study was undertaken to define more

clearly fluid and electrolyte dynamics in bedrest subjects exposed to

LBNP(lower body negative pressure) and saline ingestion as a possible

countermeasure to the orthostatic intolerance caused by supine bedrest.

Five of the subjects were studied after 13 days ofabsolute bedrest.

They consumeda metabolic balance diet which included 260 _ 27 mEqper

day sodium. Complete 24 hour urine collections were accomplished.

Whenthe results of the pre countermeasure bedrest days are compared

to the days when the subjects were given an additional liter of saline

(182 mEq/l), significant increases (p _ .001) were observed in 24 hour

urine volume and in the excretion of sodium and chloride. Urinary

excretion of aldosterone was decreased (p < .05). Whenthese same

subjects were given a liter of saline (182 mEq/l) during 4 hours of

-30 mmHg LBNP,significant increases (p _ .001) were observed in urine

volume and the urinary excretion of sodium, chloride, aldosterone and

cortisol. It is believed that the shifting of fluid and electrolytes

from the vascular space with LBNPresulted in a decreased effective

blood volume which was detected via the kidney and aldosterone was

stimulated. Aldosterone together with cortisol initiated renal

mechanismsto conserve salt and water, thereby increasing effective



blood volume. This type of protocol could counteract orthostatic

changes caused by bedrest or space flight as well as _rovide basic

information regarding fluid and electrolyte changes in the space

environment.

B. I0
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TABLE I

BOUILLON FREE AMINO ACID ANALYSIS

Acidic and _!eutral

Amino Acids

mg/l iter

of Basic
3 Samples _ SD Amino Acids

phosphoserine 7.82 0.26
phosphoethanolamine 12.63 1.01
taurine 20.27 1,84
urea 88.02 7.24
hydroxyproline 8.34 0,52
aspartic acid 34.39 4.21
threonine 21.20 2.88
serine 79.40 4.25

asparagine/glutamine 12.70 0.76
sarcosine 12.77 2,43
proline 35.23 2.90
glutamic acid 202.84 7.24
glycine 15.97 1.34
alanine 26.45 1.91

valine/cystine 20.74 1,12
cystathinonine 2.58 0.06
methionine 4.53 0.66
isoleucine 13.57 0.29
leucine 26.16 0.63
tyrosine 9.46 0.43
phenylalanine 19,08 1.23
B-aminoisobutyric acid 0,85 0.12

mg 625.00 23.97-

Total AA 718.22+23.86mg/I

Electrolyte Analysis Results

mEq/l
Sodium 181,5+0
Potassium 1.4+0
Chloride 179.0+2
Calcium 1.2+0

Magnesium 0.7+0

y-aminobutyric

ornithine
an_nonia

lysine
histidine

creatinine

arginine

of

3 Samples + SD

acid 0.65 0.26

0.37 0.13

l .93 0.32

24.68 0.04

7.71 0.45
10.70 0.I_
47.18 2.1_

mg _ 1.9_
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B.59

TABLE IV

URINARY PARAMETERS

SIGNIFICANT DIFFERENCES

Volume

Corti sol

Aldosterone

ADH

-Specific Gravity

Osmolality

Sodium

Potassium

Chloride

Calcium

Magnesium

Inorganic Phosphate ,

Uric Acid

Crea ti nine

BEDREST

p < .05

p < .05

p < .001

p < .01

p < .01

p < .001

p < .02

RECOVERY

p < .02

p < .05



SUBJECT

1

4

N

R 6 Days Pre

Saline + LBNP

Saline

Nothing

R 6 Days Post

R 6 Days Pre

Saline

Nothing

Saline + LBNP

R 6 Days Post

R 6 Days Pre

Nothing

Saline + LBNP

Saline

R 6 Days Post

6 DaysPre

Saline ÷ LBNP

Saline

Nothing

R 6 Days Past

R 6 Days Pre

Saline

Nothing

Saline + LBNP

Saline

6 Days Post

VOLUME

3758

4790

4540

2940

3483

1400

1580

2140

1320

1233

1565

2100

298O

2380

226B

1938

2660

2750

2560

2o5 

2703

4030

3495

4540

4780

3280

TABLE Va

k BEDREST 6 DAYS VS

NA

223

331

395

247

191

223

321

304

230

191

221

265

358

324

238

206

335

380

253

218

254

290

343
,'-,n.)o6

478

276

CORTISOL

I03.6

153.3

154.4

]19.1

84,7

57.4

76.6

I07.0

62.7

47,7

50.4

66,7

79.0

27.4

43.5

65.3

81 .l

33.0

35.8

38,0

50.9

62.5

54.2

102.1

27./

40.4

ALDO

25.1

38.3

33.1

24.8

26.6

8.9

7.5

]I.6

ll,4

7,4

12.8

2O.3

20.0

9.5

17.7

12.4

15.2

1.2

2.6

9.7

13.9

lO.O

6.7

17.7

34,2

9.5

B.60

ADH

16.1

8.6

I0.9

7,6

15.9

24,1

32.8

23.7

25.5

40.0

26.3

17.5

21 .I

18.8

27-7

19,3

33.6

23.6

25,0

21.2

13.9

36.3

24.7

27.6

20.7

9.5



¢

B.61

TABLE Va (Con't)

SUBJECT

6
N VOLUME NA CORTISOL ALDO ADH

R 6 Days Pre 2635 2]9 53.6 14.0 12.4

Nothing 2750 228 53.6 11.8 28.9

Saline + LBNP 2640 232 68.6 19.8 26.4

Saline 3200 378 43.2 2.1 21.3

R 6 Days Post _610 240 51.4 ll.9 18.4
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Angiotensin I

Cortisol

Aldosterone

Insulin

HGH

T3

T4

Glucose

Cholesterol

SGOT

SGPT

BUN

Uric Acid

Al kal ine Phosphate

Calcium

Magnes ium

Inorganic Phosphate

Total Bilirubin

Creatini ne

CPK

LDH

Osmolality

Sodium

Potassium

Chloride

Tri glyceri des

Ionized Calcium

*Comparison Not Done,

TABLE VIII

PLASMA/SERUM PARAMETERS

Significance Differences

BR8 BR21 BR27

p<.O01 <_001 <.05

* < .001

< .025 * < .OOl

< .05

<.025 * < .OO1

• <. OO1

• * <.OOl

• * <.O1

<.025 <.OO1

<.01

<.OOl <.OOl <.OOl

<.025 <.OOl <.05

* <.OOl <.OOl

R+O

Incomplete or No Data Available

R+I

<.005

<.05

<.05

<,05

<.025

<.005

<.001

<.01

<.005

B.81

R+6 R+13

< .Ol

< .025

< .05

< .05

<.OOl

<.OOl

<.OOl

<.OO5

<.025

<. 005

<.001

<.001

<.05

<.025

<.0025

<.025





METABOLIC BALANCE

BAYLOR BEDREST - PHASE II

I 2
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C l

RESULTS

The r_etabolic Balance portion of the Baylor Bedrest-Phase II was origi-

nally designed to measure and report the body weight, fecal weight,

water, nitrogen, phosphorus, sodium, potassium, magnesium, chloride,

and calcium balances. Due to persornel cut-backs the original goals

were not obtained in this study.

The study accomplished the following: a) fecal samples were obtained,

and stabilized, for the entire experimental period of 59 days, b) the

metabolic balance (water, phosphorus, sodium, potassium, magnesium, and

calcium) were only completed, following Skylah prctocols, for the "pre-

bed" phase. The collected and stabilized fecal samples for the "i_-bed"

and "post-bed" phase were forwarded to the USPHS Hospital, San Francisco,

Laboratories for analyses (Ca, P, and N). The data received from San

Francisco may have possible errors built into the answers due to

laboratory te laboratory variability in procedures, analysis, and sample

preparation. The data included in this report is for subject'#1 through

#6. The 21 day "pre" period is allocated as follows: a_ pre I-5 days,

b) pro 6-11 days, c) pro 12-17 days, and d) total pre 1-17 days. The

time periods were chosen to coincide with the Sk)lab data points. The

tables demonstrate, for each quantity of metabolite, as to a) intake,

b) fecal, c) urine, and d) delta (intake-output (fecal+uri_e)=delta).

The second group of Gata in-bed and post-bed art the results obtained

from the USPHS, San Francisco. All stabilized biological samples that

this laboratory was resporsible fGr have been shipped to USPHS Hospital,

San Francisco, CA.



C.2

_ISCUSSION

The only metabqli_e balance to be considered abnormal during the

"pre-bed" experimental period is the calcium. It is clearly demonstra-

ted that the "noY_al" calcium metabolic profile, under the conditions

of this study, is termed a negative calcium balance. Negative balance

being that a greater amount of dietary calcium is being eliminated

through the feces and urine that is being injected by the subject.

To determine why the negative calcium balance became apparent in the

"pre-bed" phase instead of the "in-bed" phase as originally postulated.

In observation of.numerous experimental conditions it was determined

that it was due to a improper dietary Calcium-Phosphorus (C:P) ratio

intake. The National Research Council (NRC) recommends a C:P ratio of

I:I with upper limits of 1:2. It was determined that diet utilized in

this study is >1:2 C:P dietary ratio. To substantiate this conclusion

a look at all data collected pertaining to metabolic studies involving

the "Skylab" diet was examined. A total of 533 individual data points

[in - (fecal+urine)=delta] for a "pr_" study phase ir which the

"Skylab" diet was observed and taken into consideration. It demon-

strated that a negative calcium metabolic balance was the nonT,al con-

dition when utilizing the >1:2 Ca-P ratio "Skylab" diet.

The enclosed calcium balance graphsshow the magnitude of the negative

calcium balance throughout the Phase II study. Again it should be

pointed out that the "pre" data is on an absolute dry weight basis

while the "in" and "post" analytical data are on a freeze-dried basis.



C.3

CONCLUSIONS

It is concluded that the dietary Ca:P ratio congributed to the negative

calcium balance in all subjects. No conclusions on the other experi-

mental measurements can be drawn due to lack of data. All physiological

data of this study should be examined unGer the knowledge of this

dietary anomaly (Ca:P of >1:2 ratio) and realize the data collected

was outside the so-called "nor_:al" copditions.
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i:i__;,:L' i !_i,'i i J

_ f r,i ¢":_OD:/, i:CAL

C.I0

SUBJECT #-l

Slt!!:Q' I);,Y BO[JY h'T. FECAL lIT.

PE[ l-5 ,,l ..... 76.1800I'h./_!i

S[)!_\' .604GG9
S ' 5• )ZL
Sli:'i 380. 900

221.33O

33.4880

5

1106.65

6-11

12-.17

I,|EAN 76. 3333
SDEV . 295803
SIZE 6
SUI,I 458.000

[.U-I;H 76. 7333

SD[:V .281365
SIZE 6
SUI,! 460. 400

191.938
42.9057
6
1151.63

227. 985
57. 5664
6
1367.91

TOTAL
MEAN 76.4294 213.305
SDEV .445566 46.5124
SIZE 17 17
SUM 1299.30 3626.19



C.II

SUBJECT #I
.__ .............. ............................

S[UI)Y IV_'i 14- ] N

PP,E 1-5 MF.b,tl
SI)f.V
SIZE
SUI,I

6652.19
934.775
5
33261.0

"°

6-11

12-17

MEAN

SbI:V
S]ZE
SUI,1

I,II-AI_

SI)LV

S]ZE

SUI,I

6422.50
481.969
6
38535.0

6391.50

I090.93

6

38349.0

W-FECAL

176. 000

28. 8530

5

880.000

151.000

34.2111

6

906.000

180. 200

45.9793
6

lOS1.20

IJ-LIRIIIE

4068.00

1256.15

5

20340.0

4275.00

758.254

6

25650.0

'3987.50

1215.30

6

23925.0

I,/-D[ I.IA

2408.20
638.756
5
12041.0

1996.50

490.698

6

I1979.0

2053.83
348.228
6
12323.0

TOTAL

l,.

i..

MFAII
SDEV

SIZE

SUM

6391.50

I090.93

6

38349.0

180. 200
45.9793
6
1081.20

3987.50

1215.30
6

23925.0

2053.83
348.228
6
12323.0

o



C.12
PAVIOi_ i;_ii_rq-_;F !_IEAS!I ]T

,,_ "I d_i:. C_t_.itroti(,.l i i,- " (!ji'_'c.,,_r/'

SUBJECT #1

S[U bY I)i,Y li.- ] K li- FF_CAt_ 17_UR ] ;_E 1_- DELl-/:,

PRE

°"

I-5

6-11

12-17

l.iF.ItN

SF)I;V

S]Z[
SUI,I

I'lEAbl
SDEV
SIZE

SUI,I

Hf;AH
SDtlV
S}Z[
SLIH

16.9400
.531801
5
84.7000

16.9250
.743986
6
I01.550

16.9833
.693909
6
101,900

0
0
0
0

0
0

0
0

12.53 0
1.370 0
5 0
62.68 0

16.26 0
9. 349 0
6 0
97.6.1 0

12.81

2.020

6

75.90

0
0

0

0

TOTAL

i,-

MEAII
SDEV
SI ZI-

SUN

16.9500
.628299
17
288.150

0
0
0
0

13.95
5.673
17
237.1

0
0
0
0



C.13

BAYLOR BEDREST - PHASE II

Phosphorus Balance (mg/24hr)

SUBJECT #I

STUDY DAY

Pre-Bed 12-17

P- Intake P-Fecal P-Uri ne P-Del ta

Mean 1743 489 1225 29

SDEV 71.8 97.9 143.8 172.0

Size 6 6 6 6

Pre-Bed 06-11 Mean 1736 458 1150 129

SDEV 88.0 153.5 194.9 224.7

Size 6 6 6 6

Pre-Bed 01-05 Mean 1736 497 1075 164

SDEV 109.1 74.2 I01.8 133.4

Size 5 5 5 5

Pre-Bed Total Mean 1738 480 1155 104

SDEV 83.8 109.7 157.4 181.5

Size 17 17 17 17



r- _;,_E lII:,,'"-{-)rj _"'" ,'- ',_ "u.-tYL I, !,_ [;M•.SI

Sodium iJ_ll_llo_' (14Tql2,',lh'.)

C.14

i

SUBJECT #I

STUDY I)AY.

PRE 1-5 14EAH
SDEV
SIZE
SUt.I

llft- I I'; RA- FECAl.

270.80 4.9360
21.856 1.841-5
5 5
1354.0 24.680

I,'.A-UR ] I_l{

162.59
32.715
5
81 3. O0

l/A _ DELTA
• . °

103,20
44.941
5
516.00

6-II 14EArl 278.33 143.48 184.83 88.333
SI)EV 18.151 340.75 31.524 35. 970
S}ZE 6 6 6 6

t'"

SUM 1670.0 860.90 ll09.0 530.00
d"

HIZAI_
SDF_V
S]Z£
SUI,I

282.33
5.7503
6
1694.0

168.83
52.875 .•
6
lOl3.0

12-17 6.4833
2.1367
6
38.900

107.45
56.648
6
644.70

TOTAl_

NEAN
SDEV
SIZE

SUM

277.52
15. 992
17
4718.0

54.381
202.20
17
924.48

172.64

39.300

17

2935.0

99.452
44.573
17
1690.7



C.15

St'YLAB
Potassium Dalan c.c' mEq/241h'.)

SUBJECT #I

STUDY DAY-

PRE I-5

6-11

12-17

K-IN K-FECAl. K -UR] fie K -DELTA

MEAN 109.39 19.444 , 73.799 16.000
SDEV 13.667 2.7683 22.038 35.531
SIZE 5 5 5 5
SUI,I 547.00 97.220 369.00 80.000

109.33 18.766
10.782 4.8508
6 6
656.00 112.60

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

75.500
12.501
6
453':00

72.833
27.491
6
437.00

107.66 21.000
14.719 4.7396
6 6
646.00 126.00

15.333
13.808
6
92.000

19.583
33.113
6
117.50

TOTAL
MEAI_

SDEV

SIZE

SUM

108.76 19.754
12,306 4.1553
17 17
1849.0 335.82

74.058

20. 194

17

1259.0

17.029
26.864
17
289.49



,,,, .,:. g-n._E ].]

\ . ,

C.16

SUBJTCT #I

STUbY I_AY

'PRE 1-5

6-11

12-17

/,IE£_
SDL-V
S] ZE
SUH

NEAtf,
SbEV
SiZE
SUM

14EAII
SDLV
SiZE
S[bl

itS- It;

31.80O
3. 7073
5
159. O0

32 3_
4.0824
6
194.00

32.166
4. 0702
6
193. O0

1'_" F r-'' I'_L,'- " Eb//,

20. 474
3.9923
5
I02.37

16.783
4.2667
6
]00.70

19. 083
5.05°.94
6
114.50

I';G- [_,RJ' '-, t:

11.150
2.0476
5
55. 800

13.000
1.6625
6

78.000

13.233
1.8980
6
79.400

I'IG-I_[LIA

.40000
7.5696
5

2.0000

2.6566
7.0616
6
16.000

-.216
6.7454
6
-1.30

TOTAL

MEAI4
SDEV
SIZE
SUM

32.117
3.7229
17
546.00

18.680
4.4820
17
317.57

12.541
1.9729
17
213.20

.98235
6.7702
17
16.699



BAYLOR

ChI ori (I,_

I_ibl,L._r

F-;il];_rlCo

C.17

SUBJErT 51

SIUbY [IAY

•I;P,I- 1-5

6-11

12-17

M[AI_
SDEV
SIZE
SUM

MEAN

SDI!V
SIZE

SUH

14F_A!I
SDEV
S]Z[i
SLIM

CL- I_ CL--FECAL

231.20 0
22.465 0 "
5 0
I156.0 0

238.16
21.775
6
1429.0

243.16
17.736
6
1459.0

0
0 ,

0
0

CL-URI tie

127.79
47.012
5
639.00

145.33
28.535
6 .,
872100

134.16
54.966
6
1805.00

CI.-DELTA

0
0
0
0

TOTAL

• /

MEAN
SbEV
SIZE
SUM

237.88
19.927
17
4044.0

0
0
0
0

136.23
42. 497
17
2316.0

0
0
0
0

mw



' C.18

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT # 1

STUDY DAY

Pre-Bed 12-17

Pre-Bed 06-11

Pre-Bed 01-05

Pre-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 833 670 301 -138

SDEV 15.5 133.5 78.4 136.3

Size 6 6 6 6

Mean 834 635 287 -88

SDEV 9.2 204.4 45.9 213.8

Size 6 6 6 6

Mean 842 649 298

SDEV 12.6 85.1 78.8

Size 5 5 5

Mean 836 662

SDEV 12.5 144.6

Size 17 17

2o5

64.6

-141

78.5

5

-121

149.3

17



/

C.19

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #1

STUDY DAY

In-Bed 01-07

In-Bed 08-14

In-Bed 15-21

In-Bed 21-28

In-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 820 636 313 -129

SDEV 9.5 235.2 32.2 233.3

Size 7 7 7 7

Mean 826 625 399 -198

SDEV 16.2 259.5 70.3 213.1

Size 7 7 7 7

Mean 837 736 479 -378

SDEV 4.8 199.0 43.0 190.0

Size 7 7 7 7

Mean 839 761 481

SDEV 3.6 338.8 76.3

Size 7 7 7

-402

383.3

7

Mean 831 690 418 -277

SDEV 12.3 255.4 89.4 277.3

Size 28 28 28 28



SUBJECT #I

STUDY DAY

Post-Bed 01-07

Post-Bed 08-14

Post-Bed Total

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

C.20

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 822 909 503 -460

SDEV 30.2 231.9 214.8 376.3

Size 7 6 7 7

Mean 815 717 332 -234

SDEV 48.3 164.6 50.7 150.4

Size 7 7 7 7

Mean 818 8r)5 418

SDEV 38.8 214.2 174.1

Size 14 13 14

-347

299.4

14



BODY/FECAL

C.21

SUBJECT #2

STUI}Y L/.Y I'_ODY WT. FITCf'I_ 1,_T. t

PEE 1-5 l.q:A!; 69.1600 149.460
SL)LV .068465 102.848
SIZE 5 . 5
SU!,I 345.800 747.300

6-11 I,IL:AR 68.9500 117. 826
SI)I:V .45l 848 52.6779
SITE 6 6
SLII.1 413. 700 706.960

°-

12-17 r.ll:/,,tl 69. 4000
SDEV .502078
SIZ[ 6
SU!,I 416. 400

187.903
74.2315
6
1127.42

.

IOTAL

41-

IN

I,fl!All 69.1706 151.863
S[}EV .428746 78.4661
SIZE 17 17
SUI,I 1175.90 2581.68



_;i_l_nce (x,il/?Qlil'.) C.22

SUBJECT#2

SIl!l)'f I1AY

PRL 1-5 I,IEAN

SI)IIV

S)Z[
SUH

6-11

12-17

I,_[:AII

SD[_V
S1ZI:
SUH

SI)I:V
S] ZE
SLII,I

l'I-]l< I'/.I-ECAL

2399.59 111.799
311.548 83.7925
5 5

11998.0 559,000

2362.33 86.6666
606.403 44.2116
6 6
14174.0 520.000

2513.33 Ia5.3!6
375.611 64.4256
6 6
15080.0 871.900

i!--LIE) _;!:

596.000
129.344
5

2980.00

I/.-l)t I_IA

169I .79
257.206
5

8459.00

698.333
217.293
6
4190.00

910.833
234.274
6
5465.00

1577.33
723.484
6
9464.00

1455.33
361.214
6
8732.00

TOTAL

@.

NEAII

SDEV
SIZE
SUI,I

2426.58 114.758
433.435 65.6662
17 17
41252.0 1950.89

743.235

232.708
17
12635.0

1567.94
480.068
17
26655.0

"" "." I



I_AVLO!', l::[:l'_r,',[!:f P:!/;(_!- 1;

lli_:ro'i(:ll l;,.:la_ce (!;/24!ir)
L I,

C.23

SUBJECT #2

STUDY I)AY

PRE I-5

6-1l

]2-]7

S[]LV
S] ZI:
SUI,I

1,1I:AI/
SDEV
S]ZE
SU_4

MEAFI
S[)LV
SIZ[:
SUH

ll-]l:

15.2000
.367370
5
76.0000

15.2666
.361564
6
91.6000

15. 3500
.497127
6
92.1000

H- FEC/d_

0
0
0
0

0
0
0
0

0
0
0
0

II-LIRI;;E

8.424
2.649
5
42.12

9.283
2.383
6
55.70

II.54
1.542
6
6-9.25

F,I_ DEL.Hi

0
0
0
0

0
0
0
0

0
0
0
0

P

TOTAL

I,I[_AF_
SDEV
SIZE
SUM

15.2764
.394557
17
259.700

0
0
0
0

9.827
2,470
17
167.0

0
0
0

0

-. h



SUBJECT #2

BAYLOR BEDREST - PHASE II

Phosphorus Balance (mg/24hr)

C.24

STUDY DAY

Pre-Bed 12-17

Pre-Bed 06-11

Pre-Bed 01-05

Pre-Bed Total

P-Intake P-Fecal P-Urine P-_Ita

Mean 1526 621 824 81

SDEV 76.9 134.1 I08.9 157.6

Size 6 6 6 6

Mean 1508 450 804 254

SDEV 97.1 159.7 308.0 365.1

Size 6 6 6 6

Mean 1486 553 674

SDEV 81.0 300.8 266.6

Size 5 5 5

259

298.8

Mean 1508 541 755 194

SDEV 81.9 204.4 233.4 281.4

Size 17 17 17 17



BAYLOR N[:b_,!:fiT PflkSF II C.25

,L

SUBJECT #2

" STUI)Y IU,Y. IIA-. IN I,'A- FEC/',,I.

P I',17 1-5 I._NAH 227.59 7.0200

SI)I!V 22.501 10.009

SIZL 5 5

SU_,I 1138.0 35.100

6-11

SDFV
SIZE
SUM

225.00 5.2333
21.250 4.7407
6 6
1350.0 31.400

12-17 HEAT_
S[JEV
SIZF
SUI4

234,83 10.816
11.856 6.5645
6 6
1409.0 64.900

NA-URII_E

111.79
25.733
5
559.00

108.60
25.i25
5
543. O0

122.16
44,656
6
733,O0

178.50
32.303
6
I071.0

97.666
49.826
6
586.00

45.500
37.750
6
273.00

I01 AL
MEAN
SDEV
SIZE
SUM

229.23 7.7294
18.191 7,1837
17 17
3897.0 131.40

139.00
45.137
17
2363.0

82.47O
46.813
17
1402.0

%" I °



,L_t...... T PIb\SE ]I

Pu[.a!>siLii:l l;:',lurlce (z_iEq/241',r.)

C.26 '

SUBJFCT ""_,_

S7 LiIYf lb'_,Y

.l:'kE 1-5

6-11

12-17

l,IE/',,i_

SI)[V

SIZE

SUH

l,ll:AIl
SDEV
S]ZE
SUI,i

SI)EV
S] Zt:
SU:,I

IL- } I; K- FFCAL

85.799 13.500
6.9785 10.642
5 5
429.00 67.500

86.833 13.383
6.7946 7.6077
6 6
521.00 80.300

89.833 15.433
6.8532 4.9998
6 6
539.00 92.600

K--UR]IIE

50.000
5.9581
5
250.00

56.833
16.067
6
341:00

72.000
5.8309
6
432.00

K -DFLTA

31.000
22.483
5
155.00

16.750
12.797
6
100.50

2.5000
8.6890
6
15.000

"lOYAL
MEAN

SI)EV
SIZE
SUI,I

87.588 14.141
6.6620 7.4286
17 17
1489.0 240.40

r

60.176
13.753
17
I023.0

15.911
18. 439
17
270.50



BAYLO?,BEDREST

H_finesiu_ [;_lattce

PIIASE I I

m[q/R41h'. )
,4,

C.27

_SUBJECT #2

STUbY DAY

PRE I-5

6-11

12-17

I.IEA_

SDEV
SIZE
SUM

NEAN
SI)EV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

l,iG--I 1;

28.199
4.2071
5
14l. O0

29.166
4.7504
6
175.00

29.833
4.6224
6
179.00

MG-FECAL

22.600
I l. 4_7
5
ll3.00

18.750
6.2943
6
I12.50

24.550
4.2359
6
147.30

MG-UII]I:E

6.5600
2.9432
5
32.800

6. 2500
2.4873
6 .
37.500

1 7. 450
23.411
6
104.70

rIG - DFI_TA

-l .00
8.7464
5
-5.00

4.0333
5.3746
6
24.200

-12.3
24.800
6
-74.O

TOTAL
MEAII
SDEV

SIZE

SUM

29.117
4.3139
17
495.00

21.929
7.5780
17
372.80

10.294
14.320
17
175.00

-3.22
16.515
17
-54.8



PIIASE II

(mEq/24 llr.)

C.28

SUBJECT #2

STUDY DAY

PP,E I-5

6-11

"-°

12-17

14EAI,I
Si)EV
S]LZE
SUM

14EAH
SDEV
SIZE
SUH

I,IEAH

SDEV
SIZE
SUM

CL- IH CL-FECAL

199.00 0
22.124 0 "
5 0
995.00 0

191.33
19.724
6
1148.0

204.33
16.585
6
1226.0

0
0
0
0

CL-URI HE

109.00
25.228
5
545.0O

I09.83
47. 880

168.83
34.002
6
I013.0

CL-DELTA

0
0
0
0

0
0
0
0

TOTAL

t

HEAR'

SDEV
S]ZE

SUI,I

198.17
19.023
17
3369.0

0
0
0
0

130.41
45.743
17
2217.0

0
0

0
0



C.29

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24Hr.)

SUBJECT #2

STUDY DAY

Pre-Bed 12-17

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 793 709 164 -81

SDEV 9.8 162.7 50.6 160.2

Size 6 6 6 6

Pre-Bed h6-11 Mean 789 489

SDEV II .5 163.4

Size 6 6

Pre-Bed 01-05 Mean 788 61 l

SDEV 12.0 317.5

Size 5 5

Pre-Bed Total

93

37.9

6

III

37.1

5

2_7

120.8

6

66

283.3

5

Mean 790 603 123 64

SDEV I0.5 225.7 51.1 219.5

Size 17 17 17 17



C.30

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #2

STUDY DAY

In-Bed 01-07

In-Bed N8-14

In-Bed 15-21

In-Bed 21-28

In-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 789 494 210 85

SDEV 6.2 308.4 34.5 293.5

Size 7 7 7 7

Mean 797 828 323 -l17

SDEV 13.7 697.6 49.8 686.7

Size 7 5 7 7

Mean 787 899 451 -435

SDEV 18.5 446.0 70.3 550.3

Size 7 6 7 7

Mean 792 1286 396

SDEV 15.0 241.8 50.2

Size 7 4 7

-339

697.5

7

Mean 791 824 345 -201

SDEV 13.8 504.1 I04.5 584.4

Size 28 22 28 28



/

C.31

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #2

STUDY DAY Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Post-Bed 01-07 Mean 790 1156 242 -112

SDEV I0.3 163.3 94.0 658.9

Size 7 4 7 7

Post-Bed 08-14 Mean 788 978 189 -239

SDEV 8.6 484.6 48.4 571.4

Size 7 6 7 7

Post-Bed Total Mean 789 1049 215 -175

SDEV 9.2 384.5 76.g 596.2

Size 14 I0 14 14



BAYLOR BEDREST PHASE

BODY/FECAL

II
C.32

SUBJECT #3

STUDY DAY

PRE I-5

6-11

12-17

: MEAN
SDEV
SIZE
SUM

MEAN

SDEV

SIZE

SUM

MEAN

SDEV

SIZE

SUM

BODY WT.

72.6200

.111803
5

363.100

72.4000
.111803
6
434.400

72.6000

.949780

6

435.600

FECAL NT.

223.480
59.4594
5
1117.40

199. 578

59.2895

6

1197.47

245.042

129.370
5

1225.21

TOTAL

O,
0,

MEAN
SDEV
SIZE
SUM

72.5353
.547386
17
1233.10

221.255

83.4017

16

3540.08



BAYLOR

Water

f_ - ¢" C"L)EDRLJT

_;al ance

PIIASE I I

(ml/24Ilr.) C.33

• °

SUBJECT #3

SIUDY DAY

PRE 1-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

I,IEAN
SDEV
SIZE
SUI,I

Mf:AN
SDEV
SIZE

SUM

W-IN

3747.20
886.762
5
18736.0

3002. O0
646. 061
6
18O12.O

3308.33
760.331
6
19850.0

W-FECAL

185.200
51.9297
5
926 .:000

161.500
52.94O5
6
969.000

200.980
1 IQ.585
5
1oo4.9o

l,/- URI lie

760.000
198.997
5
38O0.00

1373.33
387.901
6
8240.00

•1232.50
393.926
6
7395.00

I'/-[)FI.TA

2782. O0
967.894
5
13910.0

1467.16
754.026
6
8803.00

1908.33
7O3.222
6
11450.O

TOTAL

0.

@,

MEAN
SDEV
SIZE

SUM

3329.29
776.271
17
56598.0

181.243
72.1488
16
2899.90

1143:23
417.316
17
19435.0

,°

2009.58
931.148
17
34163.0



SUBJECT #3

BAYLOR BEDREST PIIASE II

Nitrogen l;alance (g/24!Ir)
&

L

C.34

SIUDY DAY

•PRE I-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

MEAN

SDEV

SIZE

SUM

MEAN
SDEV
SIZE
SUM

N-IN

17.0200 0
.705101 0
5 0
85.1000 0

17.0666 0
.691842 0
6 0
102.400 0

17.4000
1.27903
6
I04.400

N-FECAL

0

0
0

0

N-URINE

9.114
2.779
5
45.57

12.91
5.760
6
77.50

13.92
2. 892
6
83.56

0

0

0

0

0

0

0

0

-DELTA

TOTAL

MEAN

SDEV

SIZE

SUM

17.1705

.903234

17

291.900

0

0

0
0

°

12.15
4.381
17
206.6

..0
0

0
m0



C.35

BAYLOR BEDREST - PHASE II
Phosphorus Balance (mglZ4hr)

SUBJECT #3

STUDY DAY

Pre-Bed 12-17

Pre-Bed 06-I 1

Pre-Bed 01-05

Pre-Bed Total

P-Intake P-Fecal P-Urine P-Delta

Mean 1761 500 937 408

SDEV 41.3 234.1 522.6 729.5

Size 6 5 6 6

Mean 1734 474 1117 145

SDEV 77.7 109.3 433.5 397.5

Size 6 6 6 6

Mean 1746 440 712 594

SDEV 29.2 113.8 248.4 316.7

Size 5 5 5 5

Mean 1747 471 934

SDEV 52.6 150.5 432.9

Size 17 16 17

370

525.2

17



BAYI_ORBEDRESTPIIASEII

Scdiuin Balance (mEq/2411r.)

C.36

PRE 1-5

6-11

12-17

tIA- IN NA- FECAL NA-URINE NA -DELTA

MEAN 266.40 14.320 115.60 136.40
SDEV 23.723 5.3802 43.661 34,746
SIZE 5 5 5 5
SUM 1332.0 71.600 578.00 682.00

MEAN
SDEV
SIZE
SUM

MEAN

SI)EV

SIZE

SUM

274.16 8.1833 184.50 81.500
7.9603 5.6047 51.879 53.046
6 6 6 6
1645.0 49.100 1107.0 489.00

269.66 15.280 1.87.66 69.333
21.676 9.4202 33.909 43.564
6 5 6 6

TOTAL

I,IEAll 270.29 12.318 165.35 93.352

S[)EV 17.828 7.2769 52.675 51.209

SIZE 17 16 17 17

SUM 4595.0 197.10 2811.0 1587.0



B_YLOR BEDREST PHASE II

Potassium I_alance (mEq/2411r.)

C.37

SUBJECT #3

STUDY DAY.

.,PRE 1-5

6-11

12-17

MEAN

SDEV

SIZE

SUH

K- IN K- FECAL K-UR INE K -DEI.TA

106.00 12.819
16.232 4.480-7
5 5
530.00 64.100

51.199
19.892
5
256.00

42.000

10.222

5

210.00

MEAN 102.16 13.116 61.500 27.549
SDEV 15.445 6.5545 13.171 21.180
SIZE 6 6 6 6
SUI4 613.00 78.700 369.00 165.29

MEAN 103.83 15.180 69.666 21.666
SI)EV 14.497 7.0888 9.0700 25.049
SIZE 6 5 6 6
SUH 623.00 75,900 418.00 130.00

TOTAL

MEAN
SDEV
SIZE
SUM

103.88 13.668
14.443 5.8479
17 16
1766.0 218.70

61.352
15.394
17
1043.0

29.723

20.871

17

505.30



BAYLOR BEDREST

Magnesium Balance

PHASE II

(mEq/24Hr.)

C.38

SUBJECT #3

°-

STUDY DAY

_PRE I-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MG-IN

32.600
2.3021
5
163.00

32.166
2.9268
6
193.00

32.166
2.3166
6
193.00

MG-FECAL

17. 340
3.6541

5
86.70O

17.416
4.4750
6
104.50

19.760 _

10.406

5

98.800

MG-URINE

7.9000

3.4713

5

39.500

12.400
4.1679
6
74.4OO

12.766
3.6075
6
76.600

MG-DELTA

7.6000

6.2289

5

38.000

2.3833

5.0201

6

14.299

3.0000
13.461
6
18.000

TOTAL

MEAN
SDEV
SIZE
SUM

32.294
2.3917
17
549.00

18.125

6.3569

16

290.00

11.205
4.1679
17
190.50

4.1352
8.9211
17
70.30O



F_AYLORBEDRESTPIIASFII

Chloriqe ?,alanc_ (mf;ql2a llr.)

C.39.

SUBJECT #3

°

°

STUDY DAY

PRE I-5

6-II

12-17

MEAN

SDEV

SIZE

SUM

MEAN
SDEV
SIZE
SUH

I,_EAN

SDEV

SIZE

SUI,I

CL-IN CL-FECAL CL-URINE CL-DELTA

222.20 0

26.817 0 "

5 0

llll.O 0

231.16 0
11.822 0
6 0
1387.0 0

226.83 0
28.895 0
6 0
1361.0 0

120.20
40.702
5

601.00

178.33
48.714
6
1070.0

183.83
31.517
6

ll03.0

0
0
0
0

0
0
0
0

0
0
0
0

TOTAL
MEAN

SDEV

SIZE

SUt,I

227.00 0
22.318 0
17 0
3859.0 0

163.17
47.849
17
2774.0

0

0

0

0



C.40

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJEDT #3

STUDY DAY

Pre-Bed 12-17

Pre-Bed 06-11

Pre- Bed O1-05

Pre-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 788 582 332 -29

SDEV 12.4 278.4 96.7 356.9

Size 6 5 6 6

Mean 785 536 348 -99

SDEV 5.8 I15.4 lOl.8 126.3

Size 6 6 6 6

Mean 782 493 242 47

SDEV 53.8 99.1 63.7 I12.8

Size 5 5 5 5

Mean 785 537 311 -31

SDEV 28.1 170.5 96.7 227.2

Size 17 16 17 17



C.41

BAYLOR BEDREST -
"Calcium Balance

PHASE II
(mg/24hr)

SUBJECT #3

STUDY DAY

In-Bed 01-07

In-Bed 08-14

In-Bed 15-21

In-Bed 21-28

In-Bed Total

Mean

SDEV

Size

Mean

SDEV

Si ze

Mean

SDEV

Size

Mean

SDEV

Size

Mean

SDEV

Size

Ca-lntake

778

5.9

7

777

2.4

7

782

13.8

7

778

II .2

7

779

9.1

28

Ca-Fecal

399

33N .6

3

1215

536.0

1124

403.5

4

989

316.7

4

967

476.9

15

Ca-Urine

39O

49.4

7

444

42.8

7

512

IIO.Q

7

498

146.6

7

461

104.0

28

Ca-Delta

216

317.8

7

-361

740.3

7

-372

75N.5

7

-285

505.g

7

-200

622.5

28



BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

C.42

SUBJECT #3

STUDY DAY Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Post-Bed 01-07 Mean 780 730 228 -88

SDEV 16.7 277.9 I08.4 402.5

Size 7 6 7 7

Pos t- Bed 08-14 Mean 780 496 189 166

SDEV 5.3 213.5 59.6 271. l

Size 7 6 7 7

Post-Bed Total Mean

SDEV

Size

78O

II .9

14

613

266.2

12

216

80.3

14

39

355.2

14



' ITBAYLOR gEDREST P!IASE

BODY/FECAL
C .43

SUBJECT #4

STUDY DAY

PRE I-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

NEAN
SDEV
SIZE
SUM

I,IEAN
SDEV
SIZE
SUM

BODY WT.

61.5000
.273861
5
307.500

61.5166
.102062
6
369.100

61.4667
.384599
6
368.800

FECAL WT.

190.040
74.9309
5
950.200

123.583
69.9095
6
741.500

156.150
53.8681
6
936.900

TOTAL

f.

MEAN
SDEV
SIZE

SUM

61.4941
.264297
17
1045.40

154.623
67.7638
17
2628.60

,'



SUBJECT #4

BAYLOR

Water

BEDREST

Balance

PHASE I I

(ml/241h'.)
C.44 •

\

SIUI)Y DAY

PRE 1-5

6-11

v

12-17

MEAN
SDEV
SIZE
SUI,I

MEAN
SDEV
SIZE
SUM

MEAN

SDEV
SIZE
SUM

W- IN

3489.20
504,678
5
17446,0

3197.33
328. 591
6
19184,0

3024.16
605.514
6
18145.0

W-FECAL

148.000
62.2494
5
740.000

95.0000
58.4328
6
570.000

124,333
46.5861
6
746_000

W - UR ] lIE

1226.00

386.238

5

6130,00

1832.50
322.147
6
I0995_.0

1"730. O0
557.101
6
10380.0

W -DELTA

2115.59
830.932
5
10578.0

1269,83
414. 978
6
7619.00

1169.83
377.595
6
7019.00

IOTAL
MEAN
SDEV
SIZE
SUM

3222.05
499.211
17
54775.0

120.941
56,5635
17
2056.0

1617.94
486.508
17
27505.0

.°

1483.29
670. 714
17
25216.0

",'_,



BAYLOR UEDREST PHASE Ii

Nitrogen E;alance (g/2411r)

C.45

SUBJECT #4

STLIDY DAY

PRE 1-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

N-IN N-FECAL N.URINE N-DELTA

16.2800 0
.725848 0
5 0
81.4000 0

16.2000 0
.784783 0
6 0
97.2000 0

15.9683 0
.666243 0
6 0
95.8100 0

12.06
2.380
5

•60,32

12.96
1.098
6
77.76,

12.09
1.628
6
72.57

TOTAL
MEAN
SDEV
SIZE
SUM

16.1417 0
.693738 0
17 0
274.410 0

12.39
1.676

17

210.6

0
0
0
O



C .46

BAYLOR BEDREST - PHASE II

Phosphorus Balance (mg/24hr)

SUBJECT #4

STUDY DAY

Pre-Bed

Pre-Bed

Pre-Bed

Pre- Bed

12-17

06-11

01-05

Total

P-Intake P-Fecal

Mean 1668 584

SDEV 121.8 144.4

Size 6 6

Mean 1706 568

SDEV 88.5 270.2

Size 6 6

P-Urine

I004

llO.9

6

1021

186.6

6

Mean 1712 896 921

SDEV 103.1 273.9 234.9

Size 5 5 5

Mean 1694 670 985

SDEV 100.8 265.9 174.4

Size 17 17 17

P-Delta

80

98.6

6

I17

320.7

6

-I05

393.3

5

39

257.4

17



BAYLOR B[DREST PIIASE II

Sodium Balance (mEq/24Hr.)

C .47

SUBJECT #4

STUDY DAY.

PRE I-5

IIA-IN NA-FECAL NA-URIHE
- .

NA-DELTA

MEAN 252.79 8.0800 193.40 51.399

SDEV 18.740 5.5233 60,541 62,564
SIZE 5 5 5 5
SUN 1264.0 40.400 967.00 257.00

6-11 MEAN 258.16 5.6216 191.83 60.666
SDEV 23.438 3.8157 37,498 38.970
SIZE 6 6 6 6

' SUM 1549.0 33.730 1151.0 364.00

258.50 7.2666 209.16
21.714 3.4863 18.400
6 6 6
1551.0 43.600 1255.0

MEAN
SDEV
SIZE
SUM

12-17 42.166
19,508
6
253.00

TOTAL
MEAT_ 256.70 6.9252 198.41 51.411
SDEV 20.336 4.1319 39.102 40.450
SIZE 17 17 17 17
SUM 4364.0 117.72 3373.0 874.00



BAYI nR F_F_nPF_TPHASE IT

Potassium Balance (mEq124Hr.)

C.48

SUBJECT #4

STUDY DAY"

-PRE I-5

K-IN K-FECAL K-URINE K-DELTA

MEAN I09.60 18.000 89.600 2.0000

SDEV 5.0299 6.0000 17.357 2|.130

SIZE 5 5 5 5

SUM 548.00 9.0.000 448.00 I0.000

6-11 MEAN 110.50 11.410 80.500 18.500

SDEV 5.9916 5.1632 16.777 19.796

SIZE 6 6 6 6

" SUM 663.00 68.460 483.00 111.00

MEAN 108.50 11.316 82.666 14.666

SDEV 15.215 3.5762 13.880 8.7330

SIZE 6 6 6 6

SUM 651.00 67.899 496.00 88.000

12-17

TOTAL

MEAN 109.52 13.315

SDEV 9.5204 5.5718

SIZE 17 17

SUM 1862.0 226.35

83.941

15.445

17

1427.0

12.294

17.538

17

209. O0

o



BAYLOR RFDREST

14agnesium Balance

PHASE II

(mEq/2411r.)

C .49

SUBJECT #4

• STUDY DAY

•PRE I-5 MEAN
SDEV
SIZE
SUM

6-11 MEAN

SDEV
SIZE
SUM

12-17 MEAN
SDEV
SIZE
SUM

V

MG-IN

30,599
3.5071
5
153.00

30.333
3.3266
6
182.00

29.666
3.0767
6
178.00

MG- F ECAL

29.000
9.7_II
5
145.00

20,215
9.0845
6
121,29

19.816
4.8614
6
118.90

MG-URI HE

7.1400
1.6727
5
35.700

8.6500
1.4597
6
51. 900

9.0666
3.0624
6
54.400

MG- DELTA

-5.73
10.940

5

-29.0 •

1.5000
8.6660
6
9.0000

.78333
8,2433
6
4.7000

TOTAL

MEAN
SDEV
SIZE
SUM

30.176
3.107]
17
513. O0

22.658
8. 6391
17
385'19

8,3529
2.2316
17
142. O0

-.900
9.2389
17
-15.2



BAYIORBFnRFKT

Chloride Balance

PNAKEII

(mEq124Hr.)

C.50 •

SUBJECT #4

STUDY DAY

PRE I-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

MEAN

SDEV

SIZE

SUM

MEAN

SDEV

SIZE

SLIM

CL-IN

222.59

17.826

5

1113.0

225.50
18.907
6
1353.0

222.16
14.091
6
1333.0

CL-FECAL

0
0 ".

0

0

0

0

0

0

0

0

0

0

CL-URINE

181.20

62.110

5

:906.00

173.00
46.904
6 ',

1038.0

203.50
18.052
6
1221.0

CL-DELTA

0

0

0

, • •

0
0
0
0

TOTAL

MEAN
SDEV
SIZE

SUM

223.47
15.988
17
3799.0

0
0
0
0

186.17
44.035
17
3165.0

0

0

0

0



BAYLOR

Cal ci um

BEDREST PIIASE II

Balance (9/24Hr)

C.51

SUBJECT #4

STUDY DAY"

PRE I-5

6-11

12-17

MEAN
SDEV
SIZE
SUf,I

MEAN

SDEV
SIZE
SUM

MEAN
SDCV
SIZE
SUI4

CA-IN

837,39
27.437
5
4187.0

822.50
9.6332
6
4935.0

812.33
10.405
6
4874,0

CA-FECAL

884.60
288.23
5
4423.0

578.50
269.32
6
3471.0

592.33
115.86
6
3554.0

CA - URI HE

192.40
49.145
5
962.00

228.50
51.391
6
1371.0

210.00
9.2951
6
1260.0

CA -DELTA

-229.19
174.703
5
-1496.0

15. 5000 "
281,798
6
93. 0000

10.1666
118.974
6
61.0000

TOTAL

0-
0,

MEAN
SDEV
SIZE
SUM

823.29
18,942
17
13996.

673.41
259.64
17
11448.

211,35
40. 980
17
3593.0

-78. 941
241. 562
17
-I 342.0

-,,



J C.52

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #4

STUDY DAY

In-Bed 01-07

In-Bed 08-14

In-Bed 15-21

In-Bed 21-28

In-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 808 1070 283 -86

SDEV ll.4 264.1 51.6 622.5

Size 7 4 7 7

Mean 826 787 392 -353

SDEV II.3 166.4 81.8 149.5

Size 7 7 7 7

Mean 825 913 394

SDEV 7.1 439.5 82.8

Size 7 6 7

-351

546.1

Mean 826 1353 435 -576

SDEV I0.5 709.0 137.6 916.0

Size 7 5 7 7

376

105.7

28

Mean 821 1001

SDEV 12.3 455.6

Size 28 22

-341

612.4

28



C.53

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #4

STUDY DAY Ca-Intake Ca-Fecal Ca-Urine Ca-Delta

Post-Bed 01-07 Mean 810 96q 323 -343

SDEV 30.9 573.1 54.6 610.8

Size 7 6 7 7

Post-Bed 08-14 Mean 828 794 234

SDEV 7.2 208.6 76.8

Size 7 7 7

-201

251.7

7

Post-Bed Total Mean 819 875 279 -272

SDEV 23.3 408.5 78.8 454.8

Size 14 13 14 14



BAYLOR L_EDRESTPIIASE If

RN_v/ccr_l

C.54

SUBJECT #5

STUDY DAY

PRE I-5

6-11

12-17

HEAN
SDEV
SIZE
SUM

HEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

BODY WT.

74.9500

.190940
4

299.800

74.8833

.188193
6
449.300

75.0333

.144337

6
450.200

FECAL WT.

112.220
52.6427

5

561.100

I07.423

51.3812
6

644.540

128.988

64.6263
6

773.930

I

TOTAL

MEAN

SDEV

SIZE

SUM

74.9562

.176776
16

I199.30

116.445

54.0195

17

1979.57



BAYLOR

Water

BEDREST

'Ja Iance

PI4ASE I I

(ml/24Ilr.)

C.55

SUBJECT #5

STUDY DAY

PRE I-5

6-11

°

12-17

MEAN
SDEV
SIZE

SUM

MEAN

SDEV
SIZE
SUM

MEAN

SDEV

SIZE

SUM

W- IK

3313.00
144.240
4
13252.0

3339.16

397.834

6

20035.0

3102. O0

199.946

6
18612.0

W-FECAL

105.500

53.5692

4
422.000

78.8333

37.9863

6

473.000

96.8333

49.9576

6
581;ooo

II-URI TIE

2806.00
462.255
5
14030.0

2427.50
282. 333
6
14565.o

•1941.66
477.638
6
11650.0

W -DELTA

430.'000
430.546
4
1720.00

684.000
587.826
6
4104.0

1063.50
477.663
6
6381.00

TOTAL

0.
0,

MEAN

SDEV

SIZE

SUM

3243.68

288.458

16

51899.0

92.2500
44.8783
16
1476.00

2367.35

528.260
17

40245.0

°°

762.812
544.513
16
12205.0



BAYLOR BEDREST PHASE II

Nitrogen Balance (g/2411r)

C.56

SUBJECT #5

STUDY DAY

PRE I-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

N-IN " N-FECAL N-URINE N-DELTA

17.1500 0
.568400 0
4 0
68.60O0 0

16.7166 0
.803637 0

6 0
100.300 0

16.7500 0
.882556 0
6 0
100.500 0

13.22
1.165
5
66.14

13.50
1.331
6
81. O0

12.79
2,838
6
76.78

0
0
0
0

0
0
0
0

TOTAL
MEAN
SDEV
SIZE
SUM

16.8375 0
.757858 0
16 0
269.400 0

13.17

1.872

17

223.9

0
0
0
0



C.57

BAYLOR BEDREST - PHASE II

Phosphorus Balance (mg/24hr)

SUBJECT #5

STUDY DAY

Pre-Bed 12-17

Pre-Bed 06-11

Pre-Bed 01-05

Pre-Bed Total

P-Intake P-Fecal P-Urine P-Delta

Mean 1765 588 I024 152

SDEV 87.0 282.8 184.4 352.0

Size 6 6 6 6

Mean 1767 5nn

SDEV 77.4 229.7

_ize 6 6

I127

183.6

6

140

166._

6

Mean 1756 604 937 171

SDEV 69.6 327.5 6n.3 402.3

Size 4 5 5 4

1035

168.2

17

Mean 1763 562

SDEV 74.2 265.6

Size 16 17

152

288.1

16

i



BAYLOR

Sodium

GEDK[ST PHASE II

_)-,,_:lonce (mEq/241!r.)

C. 5T;

SUBJECT #5

DAY-

I-5

6-11

12-17

HA -IN NA -FEC/'_L fiA-UR]HE IIA-DLLT;,,

MEAN 269.00 10.740 239.59 13.000
SDEV 16.370 17.#23 48.895 48.414
SIZE 4 5 5 5
SUN 1076.0 53.700 1198.0 52.000

MEAN 278.50 1.9350 231.50 45.166
SDEV 16.170 .88872 27.595 28.031
SIZE 6 6 6 6
SUM 1671.0 11.610 1389.0 271.00

14EAI_ 277.16 3.2466 192.83 81.166
SDEV 22.964 2.0410 53.849 48.300

SIZE 6 6 6 6

SU_,I 1663.0 19.480 1157.0 487.00

TOTAL

MEAN 275.62 4.9876 220.23 50.625
SDEV 18.234 9.6584 46.778 47.654
SIZE 16 17 17 16
SUI,I 4410.0 84.790 3744.0 810.00



BAYLOR BEDREST PJIASE II

Potassium Balance _mLq/ZzHir.)

C.59

SUBJECT #5

• STUDY DAY.

PRE I-5

6-11

%

12-17

K- I N K - FECAl. K -URIHE K-DELTA

MEAN 108.50 18.000 92.399 -4.79
SDEV 6.1913 9.2736 4.2190 7.3620
SIZE 4 5 5 5
SUM 434.000 90.000 462.00 -24.0

MEAN 112.33 15.216 93.166 4.0000
SDEV 8.4774 7.1820 15.328 14.587
SIZE 6 6 6 • 6
SUM 674.00 91.300 559.00 24.000

MEAN
SDEV
SIZE
SUM

109.66 19.833 74.833 15.000

10.670 10..479 19.924 15.491
6 6 6 6
658.00 119.00 449.00 90.000

TOTAL
MEAN 110.37 17.664 86.470 5.2941
SI]EV 8.5000 8.7168 16.748 14.928
SIZE 16 17 17 17
SUM 1766.0 300.30 1470.0 90.000



BAYI OR BEDRFST

l'_agnes i um Balance

PHASE I I

(mEq/241{r.)

C.60

SUBJECT #5

STUDY DAY

_PRE I-5

6-11

12-17

MEAN

SDEV

SIZE

SUM

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MG-IN

27.500
1.0000
4
110.00

28.500
2.2583
6
171.00

27.666
2,2509
6
166.00

MG-FECAL

16.400
8.1424
5
82.000

12,790
5.7680
6
76.740

15.933

6.8368
6

95.600

MG-URIHE

14.360
1.5630
5
71.800

14.950
1.7386
6
89.700

12.750
2.7355
6

76.500

MG-DELTA

-I0.0"

14.071
4
-40.0 -

.41666
3.5555

6

2.5000

-2.50
5.8906
6
-15.0

TOTAL

t

MEAN
SDEV
SIZE
SUM

27.937
1.9482
16
447.00

14.961
6.6594
17
254.34

14.000
2.2042
17
238.00

-3.28

8.5517
16

-52.5



BAYLOR BEDREST

Chloride Balance

PHASE II

(mEq/24 Hr.)

C.61

SUBJECT #5

STUDY DAY

PRE I-5

6-11

-.

12-17

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

CL-IN

232.25
21.884
4
929.00

242.66
15.015
6
1456,0

236,66
29.850
6
1420.0

CL-FECAL

0
0 ".
0
0

0
0
0
0

CL-URINE

212.40
36.977
5
1062.0

204.16
28.985
6
1225.0

195.83
75.239 ++
6
I175.0

CL-DELTA

0
0
0

. - .

0
" 0

0
0

TOTAL
MEAN
SDEV
SIZE
SUM

237.81
22.049
16
3805.0

203.64
49.197
17
3462.0



-C.62

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

_SUB#EGT #.5

STUDY DAY

Pre-Bed 12-17

Pre-Bed 06-11

Pre-Bed 01-05

Pre-Bed Total

Mean

SDEV

Size

Ca-Intake Ca-Fecal Ca-Urine Ca-Delta

812 694 243 -127

7.0 316.8 62.5 284.0

6 6 6 6

Mean 810 605 298 -93

SDEV 8.4 285.2 55.9 269.0

Size 6 6 6 6

Mean 811 633 304 -172

SDEV 6.2 307.9 6l .6 321.8

Size 4 5 5 4

Mean 811 645 280 -125

SDEV 6.9 286.4 63.0 269.6

Size 16 17 17 16



BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

C .63

SUBJECT #5

STUDY DAY

In-Bed 01-07

In-Bed 08-14

In-Bed 15-21

In-Bed 21-28

In-Bed Total

Ca-Intake Ca-Fecal Ca-Urine Ca-Delta

Mean 811 477 348 55

SDEV ll.7 143.8 56.4 261.4 _

Size 7 6 7 7

Mean 820 551 400

SDEV 14.4 224.2 50.0

Size 7 7 7

Mean 825 663

SDEV 12.6 167.2

Size 7 7

Mean 800 705

SDEV 36.2 203.4

Size 7

Mean 814 604

SDEV 22.4 199.4

Size 28 27

494

149.1

7

472

99.1

7

428

I09.0

28

-l31

234.9

7

-331

241.8

7

-377

182.3

7

-196

280.I

28



C.64

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #5

STUDY DAY Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Post-Bed 01-07 Mean 813 I137 297 -621

SDEV lO.O 204.7 38.5 210.l

Size 7 7 7 7

Post-Bed 08-14 Mean 811 734

SDEV 8.5 396.5

Size 7 7

2O8

47.3

-131

375.1

7

Post-Bed Total Mean 812 935 253 -376

SDEV 9.0 368.3 62.2 387.4

Size 7 14 14 14



BAYLOR BEDREST

BODY/FECAL

PIIASE II
C.65

SUBJECT #6

STUDY DAY

PRE I-5"

6-11

12-17

MEAN

SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MEAN

SDEV

S]ZE

SUM

BODY WT.

63.9600
.265164
5
319.800

64.2833
.136930
6
385,700

64.2833

.136930

6

385.700

FECAL WT.

131.480
55.0532
5
657.400

193.863
66.7268
6
1163.18

193.863

66.7268
6

I163.18

TOTAL

0,,
O,

MEAN
SDEV
SIZE

SUM

64.2117
,238715
17
1091.60

155.469

58.7071

17

2642.98



' C.66
BAYLOR BEDREST

Water _alance

PHASE I I

(ml/2411r.)

SUBJECT #6

STUDY DAY

PRE 1-5

6-11

12-17

MEAN
SDEV
SIZE
SUI'I

MEAN
SD[V
SIZE
SUH

MEAN
SDEV
SIZE
SU),I

l•I- I N

2875,79
444.586
5
14379.0

3128.00
397.420

6
18768.0

3128.00
397.420

6

18768.0

I I-FECAL

99.6000
41.97.97

5
498.000

156.000
55.2O5O
6
936.000

156.000

55.2050
6
936.0oo

_,_-URINE

2120.00
473.849
4
8480.00

1846.66

323.645
6

II080.0

1846.66

323.645
6

II080.0

II -DELTA

1080: 20
703.214
5
s4oi.oo

,,..,-

1125.33

577.620
6
6752.00

1125.33

577.620
6

6752.00

°.

TOTAL

o-

¢,

MEAN
SDEV
SIZE
SUM

2953.41

397.464
17
50208.0

121.176

48.7932
17

2060.00

1890.93

325.623

16

30255.0

1052.52

507.105

17
17893.0

°•



BAYLOR BEDREST PIIASE II

Nitrogen Dalance (g/24Hr)

C.67

SUBJECT #6

STUDY DAY

•PRE 1-5

6-11

12-17

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

MEAN
SDEV
SIZE
SUM

N-IN N-FECAL N-URINE N-DELTA

15.5800 0

.408646 0

5 0

77.9000 0

10.35
2.368
4
41.43

15.5500 0
.441646 0
6 0
93.3000 0

15.5500 0
.441646 0
6 0
93.3000 0

10.53

1.669

6

63.18'

10.53
I. 669
6
63.18

0
0
0
0

TOTAL
MEAN
SDEV
SIZE

SUM

15.5411 0
.412215 0
17 0
264.200 0

10.14
2.198
16
162.2

0
0
0
0

". °.



, C.68

BAYLOR BEDREST - PHASE II

Phosphorus Balance (mg/24hr)

SUB  JECT

STUDY DA_

Pre-Bed 12-17

Pre-Bed 06-11

Pre-Bed 01-05

Pre-Bed Total

Mean

SDEV

Size

P -Intake P-Fecal P-Uri ne P .Delta

1675 513 984 178

37.4 186.7 174.0 181.2

6 6 6 6

Mean 1667 45B 844 365

SDEV 41.7 134.6 288.8 31O.2

6 6 6 6
Size

Mean 1670 512 824 339

SDEV 45.6 146.8 122.3 164.0

Size 5 5 4 4

f4ean 1670 493

SDEV 38.9 150.5

Size l? 17

891

215.5

16

288

229.7

16



BAYLOR BEDREST PItASE II

Sodium Balance (m[q/241(r.)

C.69

SUBJECT #6

STUDY DAY.

PRE I-5

6-11

12-17

NA- IN NA-FECAL NA-URINE NA-DELTA

14EAN 237.40 3.8000 173.50 113.60

SDEV 59.256 2.9495 30.424 77.219

SIZE 5 5 4 5

SUM 1187.0 19.000 694.00 568.00 ------"

MEAN 256.50 6.4900 165.16 84.833
SDEV 16.884 7.7077 42,348 43.906
SIZE 6 6 6 6

SUM 1539.0 38.940 991.00 509.00

MEAN 264.83 9.7833 178.33 76.666
SDEV 18.159 5.8802 54.334 54.342
SIZE 6 6 6 6
SUM 1589.0 58.700 1070.0 460.00

TOTAL

MEAN 253.82 6.8611 172.18 90.411

SDEV 34.675 6.1423 42.453 57.153

SIZE 17 17 16 17

SUM 4315.0 I16.64 2755.0 1537.0



C.70 •

SUBJECT #6

• BAYLOR BEDREST PHASE II

Magnesium Balance (mEq/24Hr.)

STUDY DAY

PRE I-5

6-11

12-17

MG-IN MG-FECAL MG-URINE MG-DELTA

MEAN 27.800 19.599 5.9250 3.1999
SDEV 2.5884 5.7271 2.1406 6.9065
SIZE 5 5 4 5

SUH 139.00 98.000 23.700 16.000

MEAN 27.500 19.841 6.9666 ,50000
SDEV 2.8106 7.8914 2.2069 5.6124
S]ZE 6 6 6 6
SUM 165.00 119.05 41.800 3.0000

MEAN 27.833 18.150 714666 2.3499
SDEV 3.4302 6.6815 1.4292 7.7572
SIZE 6 6 6 6
SLIM 167.00 108.90 44.800 14.099

TOTAL

MEAN 27.705 19.173 6.8937 1.9470
SDEV 2.8009 6.4983 1,8985 6.4738
SIZE 17 17 16 17
SUM 471.00 325.95 110.30 33,100



BAYLOR BEDREST PHASE II

Potassium Balance (mEq/2411r.)

C.71

SUBJECT #6

STUDY DAY"

.PRE 1-5 MEAN
SDEV
SIZE
SUM

K-IN K-FECAL K-URINE K-DELTA

109,60 10,400 81.750 33,800
15,962 5,4199 28,698 42,481
5 5 4 5
548.00 52.000 327.00 169..00

6-11 MEAN 105,50 12,648 72,500 20.333
SDEV 17,840 7,4357 15.096 22,861
SIZE 6 6 6 6

" SUM 633.00 75.890 435.00 122.00

12-17 MEAN
SDEV
SIZE
SUM

106,83 13.416 68.000 25.500
16,582 6,1629 19.768 21.229
6 6 6 6
641,00 80.500 408.00 153.00

TOTAL

MEAN
SDEV
SIZE
SUM

107,17 12,258
15,875 6,1735
17 17
1822,0 208,39

73,125
20,036
16
1170.0

26,117
28.044
17
444.00

i •



BAYLOR BEDREST

Chloride Balance

PHASE II

(mEq/24 Hr.)

C.72

SUBJECT #6

STUDY DAY

PRE 1-5

6-11

12-17

MEAN

SDEV

SIZE

SUM

MEAN

SDEV

SIZE

SUM

MEAN
SDEV
SIZE
SUM

CL-IN

224.0O
27,631
5
1120.0

220.33

21.593
6
1322.0

223.94

21.915
17

3807.0

CL-FECAL

0

0
0

0.

0
0
0
905. O0

0
0
0
0

CL-URI NE

146.50
43.859
4
586. O0

150.83
36.438
6 ';

0

154.68

43.870
16

2475.0

CL-DELTA

0

0
0

0
0
0
0

• Z

TOTAL

MEAN
SDEV
SIZE
SUM

223.94
21.915
17
3807.0

154.68
43.870

16
2475.0

i



i

)

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

C.73 •

SUBJECT #6

k

STUDY DAY

Pre-Bed 12-17

Pre- Bed 06- lI

Pre-Bed 01-05

Pre-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 803 669 172 -39

SDEV 5.5 243.2 30.9 237.8

Size 6 6 6 6

Mean 799 684 221 -105

SDEV 3.6 266.0 126.9 207.6

Size 6 6 6 6

Mean 799 603

SDEV 5.0 135.4

Size 5 5

206

40.3

4

-26

124.6

4

Mean 801 655 199 -60

SDEV 4.8 215.4 80.6 194.0

Size 17 17 16 16



BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

C.74

SUBJECT #6

STUDY DAY

In-Bed 0i-07

In-Bed 08-14

In-Bed 15-21

In-Bed 21_-28

In-Bed Total

Ca-lntake Ca-Fecal Ca-Urine Ca-Delta

Mean 802 1049 309 -106

SDEV 9.6 185.9 45.1 609.6

Size 7 4 7 7

Mean 803 763 370 -330

SDEV 6.0 216.5 117.9 273.6

Size 7 7 7 7

Mean 808 825 380 -279

SDEV 8.9 273.1 128.4 376.6

Size 7 6 7 7

Mean 804 801

SDEV 6.8 144.4

Size 7 6

Mean 804 839

SDEV 7.9 222.4

Size 28 23

303

5o.5

7

341

95.1

28

-186

326.4

7

-225

402.7

28



J C.75

BAYLOR BEDREST - PHASE II

Calcium Balance (mg/24hr)

SUBJECT #6

STUDY DAY Ca- Intake Ca-Fecal Ca-Urine Ca-Del ta

Post-Bed 01-07 Mean 804 988 224 -408

SDEV 21.5 231.I 96.2 252.2

Size 7 7 7

Post-Bed 08-14 Mean 796 901 204

SDEV 6.3 I04.0 37.3

Size 7 5 5

-310

99.9

5

Post-Bed Total Mean 800 952 215 -367

SDEV 15.7 187.3 75.3 202.3

Size 14 12 12 12





HEMATOLOGY AND IMMUNOLOGY
D

The purpose of these studies of selected hematologic parameters during
and following a 28-day bedrest study, was to compare the effects of

bedrest with the changes observed during spaceflights of comparable

duration (Kimzey, 1975). The overall design of the study and the specific

test methodology are described in the "Volume I, "Protocols" section of

this report (October, 1976). Briefly, blood samples were collected from

the six subjects 4 times during the 40 days preceeding the bedrest phase,

weekly during the 28-day bedrest, and for two weeks following the test.

The specific schedule and volumes of blood withdrawn from each subject
are described in Volume I.

Thi_ report is divided into five sections reflecting more detailed

analyses of some aspects of the data.





D.I

HEMATOLOGY SUMMARY

Stephen L. Kimzey

The routine hematology and serum electrophoresis data are summarized
in Tables I-6. There was a consistent elevation in red cell count,
hemoglobin concentration and hematocrit during the bedrest phase of
the study. These elevations are similar in magnitude and direction
to those observed in previous bedrest studies, and reflect the reduction
in the circulating plasma volume (See Section E; Johnson and Driscoll).
A more detailed analysis of the relationship between hemoglobin
concentration (Hb), plasma volume (PVOL) and the per cent change in
plasma volume (PVOL PCT) follows in the next section of this project.

There is a modest reduction in the absolute reticulocyte number during
bedrest and an elevation during the post recovery period. These changes
are discussed in more detail (Dunn, et. al.) below, and are consistent
with the change in red blood cell mass (Johnson and Driscoll, Section
E).

No consistent changes were noted in while blood cell counts or differentials,
although there were some fluyuations in the absolute lymphocyte numbers.
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D.II

HEMOGL_31N AND PLASMA VOLUME

A STATISTICAL ANALYSIS

Stephen L. Kimzey and A. Baky

The details of the crossover study to evaluate the influence of fluid
ingestion and lower body negative pressure on the restoration and
maintenance of plasma volume have been discussed elsewhere in this
report.

The effects of bedrest and the ingestion of fluids during bedrest on
Hb, PVOL and PVOL-PCT may be summarized as follows:

I. Effect of Bedrest and Ingestion on Hb

The analysis of variance of two way classification with some
contrasts of concern for Hb are given in Table 1 from which the
following could be concluded:

ao There are significant differences between subjects (P < .001),
treatments (P < .001) and the interaction between subjects and
treatments (P < .01).

bo The variability between subjects contributed 55.7% of the total
variability of the experiment, while the contribution of the
treatments is 26.1%, the interaction is 7.6% and the variabilities
within individuals contributed 10.6% of the total variabilities.

Co The significance of the interaction indicates that the response
of the subjects was not the same for the different treatments.
By analyzing the interaction, it was found that Hb increased
significantly (P < .01) during bedrest for subjects I, 2, 3
and 4, but the increase was not significant for subjects 5
and 6.

d. There is no significant difference between pre- bedrest and
R+O relative to Hb indicating that in individuals whose Hb in-
creased significantly during bedrest were back to normal at R+Oo

e. Concerning the ingestion effect on Hb, it was found that the effect
of bedrest was not maintained by ingestion. In spite of a signifi-
cant decrease (P < .01) for all of the subjects in Hb due to
ingestion, the decrease was not enough to cause the Hb values
during bedrest to be not significant from pre- bedrest values.
It was found that there is highly significant different (P < .001)
between the ingestion effect on Hb and the pre- bedrest mean Hb.
Also, it was found that the effect of ingestion at AM the day
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II.

Ill.

after ingestion was not significantly different from the at
PMthe say day of ingestion.

fl Bedrest and ingestion effects on Hb are shown for individuals

in Table 2 and for all subjects in Table 4. The percentage
changes in Hb as effected by bedrest and ingestion are shown
for individuals in Table 3 and for all subjects in Table 5.

Effect of Bedrest and Ingestion on PVOL

The analysis of variance of two way classifications with some
contrasts of concern for PVOL parameter are given in Table 6
from which the following could be concluded:

aJ There are significant differences between subjects (P < .001),
and between treatments (P < .001). The interaction between
the subjects and treatment was found to be not significant
which indicated that the different subjects responded the same
for the different treatments. The indication of significant
interaction between subjects and treatments for Hb but not
significant for PVOL may be due to the slower rate of change
in Hb than in PVOL.

b. The PVOL decreased significantly for each subject and for all
subjects (P < .001).

Cl The increase in PVOL due to fluid ingestion raised the PVOL
to the pre- bedrest levels. On the morning following the day
of ingestion it was found that there was a significant decrease
in PVOL compared to the PM sample the day of ingestion or to
the pre- bedrest mean. In other words, the ingestion effect
was not maintained.

dJ Bedrest and ingestion effects on PVOL are shown for individuals
in Table 7 and for all subjects in Table 9. The percentage
changes in PVOL as effected by bedrest and ingestion are shown
for individuals in Table 8 and for all subjects in Table I0.

Effect of Bedrest and Ingestion on PVOL-PCT

Because PVOL-PCT data are obtained from PVOL using the mean pre-
bedrest value for each individual as I00. The partitioning of the
effects by the linear statistical modeling which was applied in
analyzing bedrest and ingestion effects will show that the analyses
of PVOL or PVOL-PCT are the same except for the differences in magnitude
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The weighted magnitude differences indicated by the F-tests for
sources other than subjects wiil be the sameexcept for rounding
errors. In summary,the analysis of PVOLand PVOL-PCTwill
give the sameconclusions except that PVOL-PCTeliminates dif-
ferences due to subjects pre- bedrest which will not have any
effect except on the reducing the magnitude difference between
subjects. However, if the subjects are different pre- bedrest,
the statistical routine that considers the subjects different
will eliminate and test subjects effects without any other
device. In addition, if the subjects are different in pre-
bedrest, they will be the sameduring and after treatments.

To prove the previous discussion, the PVOL-PCTdata were analyzed
and tabulated in Tables II, 12, 13, 14 and 15. Correspondingto
Tables 6, 7, 8, 9 and I0 respectively for PVOLdata from which we
could indicate that the conclusion concerning bedrest and in-
gestion effects on PVOLor PVOL-PCTare the same. The subjects
effect was found to be significant in PVOL-PCTanalysis but the
differences are due to their differences during and at post-
bedrest. This is natural, becauseif the subjects are different
in pre- bedrest, they will be also different during bedrest and
at post-bedrest. PVOL-PCTanalysis showedsignificant differences
betweensubjects during and at post-bedrest but no significant
differences betweensubjects at pre-bedrest which is not true.
According using PVOL-PCTonly is not practical and does not
serve any objective. Thewhole information could be obtained
if PVOLdata not PVOL-PCTdata are used in the analysis.

To prove algebraically that the percentage changedue to any
treatment is the sameusing PVOLor PVOL-PCT,let:

xl : bedrest meanof subject 1
aI = pre-bedrest meanof subject 1

PI = PVOL-PCTmeanat bedrest for subject 1

Then, the percentage changedue bedrest using PVOL-PCTis given by:

°',ochange _ - I00due to bedrest = r I

where P1 is calculated by the sameequation for calculating PVOL-PCT,
that is :

p : _(I00)
I a

i
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IV.

The percentage change due bedrest using PVOL is given by:

% change due to bedrest - R - al (I00)
a I

: (IOO)_ I00
aI

= Pz - I00

and the proof if complete.

The relation between Hb and PVOL

If the values for Hb and PVOL are plotted on each other, a straight
line can be found by using the following equation:

y=a+bx

where :

y = Hb values
x = PVOL values
a = y-intercept
b = slope of Hb on PVOL

The two variables Hb and PVOL will be correlated to each other of

the slope b or the correlation r is found to significant.

When calculating the percentage changes using:

A% = I00 (x - x pre)

x pre

where"

A% = percentage change
x = any value during bedrest

= pre-bedrest mean for the corresponding variable x
pre

it is noted that at pre-bedrest, there is a zero change for both
the two parameters Hb and PVOL, and any increase or decrease
during bedrest in any parameter will be associated with a decrease
or increase in the other parameter if the two parameter are
correlated. This means that the straight line should go to zero

point which is the calibration point for 0 change at pre-bedrest.

In other words, when plotting percentage changes, the intercept

a is zero and the equation of straight line will be:
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y=bx

where:

y = Hb values
x = PVOL values

b = slope

When plotting PVOL on Hb, then:

x = I_)4

Thus indicate that the slope of x is the inverse of the slope of

y, and if one is estimated, the other could be found using the
inverse relationship:

b = I

x
The correlation coefficient r was calculated from the percentage
changes during bedrest and it was found to be -0.6382 and it is

significant at I% level. This indicates that the relation between
Hb and PVOL is a negative relationship; if one increases (decreases)
the other decreases (increases). An approximation estimates of the
slopes which validate the requirement that the slope should go

through the point (x,y) is given by:

_Hb = 7.79 = -0.86
bHb=_-TCOL -_TTT

I _ _PVOL _ _9.11 = -1.17

bpVOL = 6Hb AHb

The equations of straight lines for PH and PVOL are:

a%Hb = -0.86 (A%PVOL)

A%PV0L = -I.17 (A%Hb)



Source of Variation

Subjects

Treatments

Interaction

Error

Total

TABLE I. ANALYSlS OF VARIANCE (Hb)

Degrees of Sum
Freedom Squares

5 66.5621

4 31.2016

20 9.0954

72 12.6900

I01 119.5491

Mean
Squares

13.3124

7.8OO4

O.4548

0.1763

D.16

F

75.53***

44.26***

2.58**

Contrasts of Concern

Ingestion Effect vs BR

Ingestion Effect vs Pre-BR

Ingestion Effect vs AM
After Ingestion

BR vs Pre-BR

R+O vs Pre-BR

Post-BR vs Pre-BR

BR vs Pre-BR, Subject 1

BR vs Pre-BR, Subject 2

BR vs Pre-BR, Subject 3

BR vs Pre-BR, Subject 4

BR vs Pre-BR, Subject 5

BR vs Pre-BR, Subject 6

Post-BR vs Pre-BR, Subject 1

Post-BR vs Pre-BR, Subject 2

Post-BR vs Pre-BR, Subject 3

Post-BR vs Pre-BR, Subject 4

Post-BR vs Pre-BR, Subject 5

Post-BR vs Pre-BR, Subject 6

(I) 1.8144 1.8144 10.29"*

(I) 2.2721 2.2721 12.89"**

(I) 0.0180 0.0180 0.I0

(I) 9.5052 9.5052 53.93***

(I) 0.0077 0.0077 0.04

(I) 4.9152 4.9152 27.89***

(I) 5.7800 5.7800 32.79***

(I) 3.2768 3.2768 18.59"**

(I) 1.3778 1.3778 7.82**

(I) 1.8050 1.8050 10.24"*

(1) 0.0800 0.0800 0.45

(I) 0.2888 0.2888 1.64

(I) 0.5000 0.5000 2.84

(I) 0.0450 0.0450 0.26

(I) 1.3448 1.3448 7.63**

(I) 0.0128 0.0128 0.07

(I) 4.9928 4.9928 28.33***

(I) 2.7378 2.7378 15.53"**
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TABLE 2. BEDREST AND INGESTION EFFECTS ON HB PER INDIVIDUAL

Treatment Subjects

l 2 3 4 5

Pre-Bedrest 13.90 14.75 14.35 13.55 13.83

Bedrest 15.60"** 16.03"** 15.18"* 14.50"* 14.03

Ingestion 15.27"* 15.63"* 14.77 13.83a 13.47

R+O 14.60 15.40 14.00 13.go 13.00

Post-Bedrest 13.40 14.90 13.53"* 13.63 12.25"**

*** P < .OOl Compared to Pre-Bedrest

** P < .Ol Compared to Pre-Bedrest

a Significant Change Due to Ingestion

6

13.10

13.48

13.33

12.80

II.93***

TABLE 3. PERCENTAGE CHANGES IN HB AS AFFECTED BY BEDREST AND
INGESTION PER INDIVIDUAL

Treatment Subjects

l 2 3

Pre-Bedrest 0 0 0

Bedrest Effect 12.23"** 8.68*** 5.78***

Ingestion Effect -2.37** -2.71"* -2.86

R+O 5.04 4.41 -2.44

Post-Bedrest -3.60 1.02 -5.71"*

4

0

7.01"*

-4.94a

2.58

0.59

5

0

1.45

-4.O5

-6.00

-1I.42***

*** P < .OOl Compared to Pre-Bedrest

** P < .Of Compared to Pre-Bedrest

a Significant Change Due to Ingestion

6

0

2.90

-l.15

-2.29

-8.93***



TABLE 4. BEDREST AND INGESTION EFFECTS ON HB
OVER ALL SUBJECTS

Treatment Mean Effect

Pre-Bedrest 13.91

Bedrest 14.80"**

Ingestion 14,38a***

R+O 13,95

Post-Bedrest 13.27"**

*** P < ,001 Compared to Pre-Bedrest

a Significant Change Due to
Ingestion (P < .01)

TABLE 5. PERCENTAGECHANGES IN HB AS AFFECTED
BY BEDREST AND INGESTION OVER ALL SUBJECTS

• Treatment % Change

Pre-Bedrest 0

Bedrest 6.40***

Ingestion -3.02a***

R+O 0.29

Post-Bedrest -4.60***

*** P < .001 Compared to Pre-Bedrest

a Significant Change Due to
Ingestion

D.18
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Source of Variation

Subjects
Treatments

Interaction

Error
Total

TABLE6. ANALYSISOFVARIANCE(PVOL)

Degreesof Sumof Mean
Freedom Squares Squares

5 3,634,172.30 726,834,46
4 2,641,094.00 660,273.50

20 877,651.60 43,882.58

39 1,014,961.00 26,024.64
68 8,167,878.90

F

27.93***

25.37***

1.69ns

Contrasts of Concern

Ingestion vs BR

Ingestion vs Pre-BR

Ingestion vs AM
After Ingestion

BR vs Pre-BR

R+O vs Pre-BR

Post-BR vs Pre-BR

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

Post-BR vs

Post-BR vs

Post-BR vs

Post-BR vs

Post-BR vs

Post-BR vs

Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

Pre-BR,

Pre-BR,

Pre-BR,

Pre-BR,

Pre-BR,

Pre-BR,

Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

(I)

(1)

(i)

(i)

(1)

(i)

(1)

(1)

(1)

(1)

(1)

(1)

(i)

(1)

(1)

(1)

(1)

1,646,888.66 1,646,888.66 63.28***

17,798.96 17,798.96 O.68ns

212,039.94

1,629,442.12

3,481.O0

453,870. O0

526,210.61

176,947.20

243,105.33

181,302.08

163,800.33

21,122.67

63,860.17

47,882.67

134,101.50

144,770.67

352.67

212,039.94

1,629.442.12

3,481 O0

453,870 O0

526,210 61

176,947 20

243,105 33

181,302 08

163,800 33

21,122.67

63,860.17

47,8B2.67

134,101.50

144,770.67

352.67

8.15"*

62.61***

O.l 3ns

17.44"*

20.22**

6.80*

9.34**

6.97*

6.29*

.81ns

2.45ns

1.84ns

5.15"

5.56*

.Olns



D .20

TABLE 7. BEDREST AND INGESTION EFFECTS ON PVOL
PER INDIVIDUAL

Treatment

Pre-Bedrest

Bedrest

Ingestion

Post-Bedrest

** P < .01

* P < .05

a

Subjects

1 2 3 4 5 6

3463.0 3594.5 3291.0 3270.5 3662.0 3146.0

2849.0** 2932.3** 2907.0* 2843.5** 3293,3* 2795.5*

3255.7a 3235.0a* 3352.0a 3164,7a 3985,3a* 3136.0a

3641.0 3285,0 3559.0 2822.0* 4128.0" 3169.0

Compared to Pre-Bedrest

Compared to Pre-Bedrest

Significant Change Due to Ingestion

TABLE 8. PERCENTAGECHANGES IN PVOL AS AFFECTED
BY BEDREST AND INGESTION PER INDIVIDUAL

Treatment Subjects

1 2 3 4 5

Pre-Bedrest 0 0 0 0 0

Bedrest -17.73"* -18.42"* -11,67" -13.06"* -10,07"

Ingestion II.74a 8.42 13.52a 9.82a 18,90a*

Post-Bedrest 5.14 -8.61 8.14 -13.71" 12,73"

6

0

-11.14"

I0.82a

.73

** P < .01

* P < .05

a

Compared to Pre-Bedrest

Compared to Pre-Bedrest

Significant Change Due to Ingestion
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TABLE 9. BEDREST AND INGESTION EFFECTS ON PVOL
OVER ALL SUBJECTS

Treatment Mean Effect

Pre-Bedrest 3404.5

Bedrest 2942.6***

Ingestion 3354.8a

Post-Bedrest 3434.0

Compared to Pre-Bedrest

Significant Change Due to
Ingestion

TABLE I0. PERCENTAGECHANGES IN PVOL AS AFFECTED
BY BEDREST AND INGESTION OVER ALL SUBJECTS

Treatment % Change

Pre-Bedrest 0

Bedrest Effect -13.57"**

Ingestion Effect 12.11a

Post-Bedrest 0.87

Compared to Pre-Bedrest

Significant Change Due to
Ingestion



Source of Variation

Subjects
Treatments
Interaction
Error
Total

TABLEII. ANALYSISOFVARIANCE(PVOLPCT)

Degreeof Sumof Mean
Freedom Squares Squares

5 904.8598 180.9720
4 2194.9052 548.7263

20 752.8742 37.6437
39 850.1802 21.7995
68 4702.8194

D.22

8.30**
25.17"**
1.73ns

Contrasts of Concern

Ingestion vs BR

Ingestion vs Pre-BR

Ingestion vs AM
After Ingestion

BR vs Pre-BR

R+O vs Pre-BR

Post-BR vs Pre-BR

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

BR vs Pre-BR,

Post-BR vs

Post-BR vs

Post-BR vs

Post-BR vs

Post-BR vs

Post-BR vs

Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

Pre-BR,

Pre-BR,

Pre-BR,

Pre-BR,

Pre-BR,

Pre-BR,

Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

( 1) 1365.6161 1365.6161 62.64***

(I) 15.9847 15.9847 .73ns

( 1) 186. 5383 186. 5383

(I) 1363.0115 1363.0115

(I) 2.0736 2.0736

(I) 377.2235 377.2235

(I) 407.5979 407.5979

(I) 163.4267 163.4267

(I) 227.0700 227.0700

(I) 134.6700 134. 6700

(I) 165.7633 165.7633

(I) 17.3400 17.3400

(I) 49.3067 49.3067

(I) 43.7400 43.7400

(I) 125.1267 125.1267

(I) 107.5267 107.5267

(I) 0.3267 0.3267

8.56**

62.52***

O.lOns

17.30"*

18.70"*

7.50**

10.42"*

6.18"

7.60**

O.80ns

2.26ns

2.01ns

5.74*

4.93"

.02ns
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Treatment

TABLE 12. BEDREST AND INGESTION EFFECTS ON PVOL PCT
PER INDIVIDUAL

Subjects

1 2 3 4 5 6

Pre-Bedrest I00.00 I00.00 I00.00 I00.00 I00.00 I00.00

Bedrest 82.27** 81,57"* 88.33** 86,95** 89.95* 88.85*

Ingestion 94.00a 90.OOa* I01.83a 96.77a I08,80a* 99.67a

Post-Bedrest 105,10 91.40 108.10 86.30* 112.70" 100.70

** P < .01

* P < .05

a

Compared to Pre-Bedrest

Compared to Pre-Bedrest

Significant Change Due to Ingestion

TABLE 13, PERCENTAGECHANGES IN PVOL PCT AS AFFECTED
BY BEDREST AND INGESTION PER INDIVIDUAL

Treatment

1

Pre-Bedrest 0

Bedrest Effect -17.73"*

Ingestion Effect II.73a

Post-Bedrest 5.10

Subjects

2 3 4 5

0 0 0 0

-18o43"* -11.67"* -13.05"* -10.05"

8,43a* 13.50a 9.82a 18.85a*

-8.60 8.10 -13.70" 12.70"

6

0

-11.15"

I0.82a

.70

** P < .01 Compared to Pre-Bedrest

* P < .05 Compared to Pre-Bedrest

a Significant Change Due to Ingestion
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TABLE 14. BEDREST AND INGESTION EFFECTS ON PVOL
PCT OVER ALL SUBJECTS

Treatment

Pre-Bedrest

Bedrest

Ingestion

Post-Bedrest

Mean Effect

I00.00

86.64***

98.51a

100.72

Compared to Pre-Bedrest

Significant Change to Ingestion
(P < .OOl)

TABLE 15. PERCENTAGE CHANGES IN PVOL PCT AS
AFFECTED BY BEDREST AND INGESTION OVER ALL

SUBJECTS

Treatment % Change

Pre-Bedrest 0

Bedrest Effect -13.36"**

Ingestion 12.87a

Post-Bedrest 0.72

Compared to Pre-Bedrest

Significant Change Due to
Ingestion (P < .001)
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SEM CLASSIFICATION OF RED BLOOD CELLS

S. L. Kimzey, A. Baky, M. Brower, J. Cardano and T. Rogers

MFTHODS:

Six male subjects were selected by Baylor College of Medicine for

the BCMBedrest-llStudy. Blood samples were obtained during scheduled

sampling periods for pre-, in-, and post-bedrest periods.

A O-hr sample from each subject was fixed i_ediately in 0.5%

glutaraldehyde in SIM (pH 7.4 at 340 mOsm). Fixative (approximately

2 ml) was injected into 3 ml clot tubes. The collection needle from

the butterfly collecting unit was in_nediately inserted into the

fixative tube. The slight vacuum remaining in the fixative tube would

withdraw any blood remaining in the needle into the fixative. The

plasma incubation sample was collected in a 2 ml heparin tube and this

sample was not opened until the 24-hr plasma sample was taken. One ml

of blood was removed from the routine hematology heparin tube upon

return to the laboratory and placed in a 5 ml Falcon tube and washed

three times with Hanks' medium. The washed cells were resuspended in

Hanks' medium to equal the plasma which was removed. Both the washed

and plasma samples were spun 5-7 seconds to remove cells from the

rubber stopper and sides of the tube prior to placing in the refrigerator

for maintenance at 4-5°C.

Samples were fixed after 24 and 48 hours from both the plasma and

Hanks' series. The tubes were inverted and agitated gently to insure

mixing before removing a sample for fixation (I-2 drops). After the

samples were removed, the sample was capped, spun 5-7 seconds and

replaced in the refrigerator.
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Samples were fixed a minimum of one hour in 0.5% glutaraldehyde

prior to washing and postfixing in osmium tetroxide. Samples were

processed for SEM examination according to established procedure (see

Appendix II and examined on the ETEC Autoscan SEM.

RESULTS:

The discocyte population shows a uniform decrease in all subjects

when samples are compared during each draw date from F-40 to R+O

(O-hr samples). As the discocyte population decreases during 24 hr

stress, there is a concurrent increase in echinocyte numbers. The

trend toward advanced echinocytes (ECH2, ECH3, and SPHECHI-2) appears

at 24 hours stress and continues to increase at 48 hours. Sphero-

echinocytes are of primary importance at 48 hours stress while third

stage echinocytes appear more often at 24 hours of stress. All

subjects seemed to follow the same pattern of change with exception of

Subject 2.

Throughout the study, Subject 2 seemed to be more echinocytic with

a lower discocyte population than the other subjects involved. When this

data is included in correlation with other subjects, however, total cell

population is such that this exception is not noticed.

Recovery (R+O) samples showed an increased population of advanced

echinocytes which indicates that there is a time factor lag in the

final result of morphological change which occurs as a result of

bedrest. Post-recovery samples (R+6 and R+I3) show a return to normal

morphology for all subjects.
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Initial analysis of data on the SEM classification of red cells

from the BCM Bedrest-II Study failed to show large morphological change

in cell populations as a result of bedrest in comparison to storage of

samples at 5°C for 24 and 48 hours. This effect contributed signifi-

cantly to a large change in red cell classification categories, thereby,

overiding any effect of bedrest alone.

Statistical evaluation of the data was performed by A. Baky and is

as follows:

DATA EVALUATiON-I

Statistical Results of Blood Cell Shapes as Affected by Bedrest

and Storage.

The experimental data were analyzed by the multinomial statistical

analysis (I-4). The results are su_arized as follows:

I. Bedrest at O-Hr.

The percentage of the four categories of shape classification for

pre-bedrest, in-bedrest, and post-bedrest were found to be:

TREATMENT DISCO ECH-I ECH-SPE OTHERS TOTAL

Pre-bedrest 78.5 6.2 1.3 14.0 lO0

In-bedrest 75.9 5.2 0.4 18.5 lO0

Recovery 72.2 ll.5 .6 15.7 lO0

The X2-Test for testing the change in the percentage categories was

found to be 304.49 which is very highly significant (P<.OOl). Comparison

tests were performed for each category to find where these changes had

occurred. The results of these tests indicate the following:



D.28

a) The DISCO category decreased significantly during bedrest and

also decreased significantly after recovery.

b) The ECH-I category did not change during bedrest but increased

significantly after recovery.

c) The ECH-SPE category decreased significantly during bedrest and

remain significantly less than normal after recovery.

d) The OTHERS category increased significantly during bedrest but

changed to normal after recovery.

From the previous results, it could be concluded that; in bedrest,

the categories DISCO, ECH-SPE significantly decreased while the other

categories significantly increased.

After recovery, the category DISCO significantly decreased while

the category ECH-I significantly increased.

II. Storage Effect

The percentages of the four categories of shape classification for

O-hrs, 24-hrs, and 48-hrs were found to be:

TREATMENT DISCO ECH-I ECH-SPE OTHERS TOTAL

O-Hrs 76.7 6.3 0.8 16.2 I00

24-Hrs 66.3 13.4 9.2 II.I I00

48-Hrs 58.1 15.2 16.7 I0.0 I00

The X2-Test for the change in the percentage categories due to

storage was found to be 5684.74 compared to the critical value 17.6

which indicates that the test is very highly significant (P<.O001)

Comparison tests were performed for each category to find where these

changes had occurred. The results of these tests indicate that both

DISCO and OTHERS categories significantly decreased with storage at
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24-hours and continued decreasing significantly at 48 hours, while

both ECH-I and ECH-SPE significantly increased by storage at 24 and

48 hours. It follows that when studying treatment effects on the shape

of blood cells, the storage effect should be eliminated.

Ill. All Categories Included in the Analysis

In the first analysis, two categories and two groups were considered

as indicated in Section I. It was found that there were significant

changes in the percentage categories and groups due to bedrest and

storage. A complete statistical analysis for all different categories

included in the study was performed in order to indicate the specific

categories that significantly changed by the two stresses. The

statistical procedure used for multinomial analysis were same as in

Section I. The results are surr_narizedas follows:

I. Bedrest effect:

a. Five different categories were significantly changed during

bedrest and/or recovery which are shown in Table l and Figure I.

b. During bedrest, only DISCO decreased significantly (P<.05);

on the other hand, both KNIZO and TORO increased significantly.

c. At recovery, both DISCO and TORO decreased significantly; on

the other hand, both STOMATO and ECH-I increased significantly.

2. Storage effect:

a. Eight different categories were significantly changed by storage

which are shown in Table 2.

b. At 24-hours, DISCO, KNIZO, and TORO decreased significantly

(P<.05); on the other hand, ECH-I, ECH-II, ECH-III, SPHECH-I,
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and SPECH-II increased significantly (P<.05).

c. At 48 hours, DISCO decreased significantly when compared to 24

hours; on the other hand, ECH-I, ECH-II, ECH-III, SPHECH-I,

and SPHECH-II also continued to increase significantly compared

to 24 hours. Both KNIZO and TORO remained significantly less

than O-hour, but they were not significantly changed from

24-hours.

3. Comparing the effects of bedrest and storage:

From l and 2, it could be indicated that the bedrest and the storage

effects on the blood cell shapes are significantly different. These

differences are shown in Figures 2-7 from which it could be indicated

that:

a. DISCO significantly decreased by both bedrest and storage, but

the decrease is significantly higher in magnitude than bedrest

or recovery.

b. KNIZO significantly increased by bedrest but it was significantly

decreased by storage.

c. STOMATO significantly increased at recovery but was not changed

by storage.

d. ECH-I was not changed at bedrest but significantly increased at

recovery and by storage.

e. ECH-II, ECH-III, SPHECH-I and SPHECH-II were not changed at

bedrest or recovery but they significantly increase by storage.

f. TORO significantly increased at bedrest but it was significantly

decreased at recovery and by storage.
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TABLE I. RED CELL SHAPE CHANGE- BEDREST I I**

D.35

CELL PRE-

TYPE BEDREST

BEDREST RECOVERY
(R+I)

POST-
BEDREST

(R+6, R+I3)

DISCO 78.58 75.91" 72.20* 79.35

KNIZO 3.71 5.47* 4.50 3.14

STOMATO 8.58 9.58 10.97" 7.62

SPHERO 0.03 0.II 0.03 0.07

CODO 0 0.01 0 0.01

LEPTO 0.02 0.02 0 0

RETICULO 0.48 0.48 0.03 0.12

ECH-I 6.17 5.19 11.47" 7.25

ECH-II 0.3 0. II 0.3 0.49

ECH-III 0.3 0.II 0.3 0.49

SPHECH-I 0.08 0.05 0 0.69*

SPHECH-II 0.02 0 0 0.I

KERAT O.Ol 0 0 0

ELLIPTO 0,29 0.35 0.07 0.08

SCHIZO 0.04 0.02 0 0.01

ACANT 0 0 0 0

TORO 1.23 2.23* 0.13" 0.34*

OTIIERS 0,16 0,36 0 0.16

*Significant at 5% level

**Refer to Fig. 1

compared to Pre-Bedrest.
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TABLE 2. PERCENTAGE CATEGORIES AS AFFECTED BY STORAGE AT PRE-BEDREST

CATEGORY O-HOUR 24-HOURS 48-HOURS

DISCO 78.58 67.40* 58.66*

KNIZO 3.71 1.67" 1.93"

"STOMATO 8.58 7.80 7.84

SPHERO .03 .05 .05

CODO 0 .03 0

LEPTO .02 .01 0

RETICULO .48 .46 .62

ECH-I 6.17 13.13" 15.59"

ECH-II .30 2.58* 3.69*

ECH-III .30 2.58* 3.69*

SPHECH-I .08 2.63* 5.18"

SPHECH-II .02 .82* 1.92"

KERAT .01 0 0

ELLIP .29 .20 .I0

SCHIZO .04 .01 .03

ACANT 0 0 0

TORO 1.23 .63* .69*

*Significant at 5% level
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DATA EVALUATION-II

It was suggested that classification percentages, of discocytes,

echinocyte-I and stomatocytes be combined into a single category for

all Bedrest-II sample series and evaluated since it is possible that

these cell types may be interchangeable in shape depending on factors

related to fixation and processing.

The Bedrest subjects were compared to each other by combining

samples during the pre-, in-, and post-bedrest periods. Figures8,g,

and lOshow combined comparisons for discocytes, enchinocyte-I and

stomatocytes for O, 24, and 48 hour plasma samples. Figuresll and

12 show the data for the Hanks' sample series.

Subjects -O001, -0002, and -0003 were combined as a group (Group I)

and subjects -0004, -0005, and -0006 were combined as Group II. Group I

and II were compared to each other using the same combined sample days

for pre-, in-, and post-bedrest and using the same combined cell

classifications (discocyte, echinocyte-1, and stomatocytes). The O,

24, and 48 hour plasma series are shown in Figurel3jand the 24 and 48

hour Hanks' series are compared in Figurel4.

The combined cell classification (discocyte, echinocyte-I and

st_matocytes) for the six Bedrest subjects was compared by sample date

including pre-, in-, and post-bedrest samples for the O, 24, and 48

hour plasma series and are shown in Figure 15. Figure 16 shows the

sample day comparison for the 24 and 48 hour Hanks' series.

The mean of the four samples obtained during the pre-bedrest

period (discocytes, echinocyte-l, and stomatocytes) for all six subjects

was compared to individual sample days of the in-bedrest and post-bedrest
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periods. The classification percentages for the combined cell types

(discocytes, echinocyte-l, and stomatocytes) for the six subjects were

included in each sample date. Comparison of the O, 24, and 48 hour

plasma series are shown in Figurel7 and the 24 and 48 hour Hanks'

series are shown in Figure 18.

Considering O-hour plasma to assume only Bedrest effect, the

discocyte population decreases during bedrest as compared to the pre-

bedrest percentages and then increases upon recovery to assume pre-

bedrest normalcy. This trend is especially evident When combining

discocytes, echinocyte-l, and stomatocytes as one group.

statistically significant in Group I I(SubjectsThis trend is
L

I, 2, and 3) (see Table 3 )] , but an abnormally high value for

BR+21 (see Table 4 ) for Group II (Subjects 4, 5, and 6) produces an

insignificant trend for this group. Perhaps a correction for the

bias in cell counts could be easily introduced statistically to

correct for such an occurrence.

Subject -0003 follows a rate of change throughout the bedrest

sampling periods to exhibit a very significant trend in the decrease

and subsequent increase in classification percentages (See Table 3).

This trend may be considered the profile in what may be expected for

cell variation due to bedrest stress.

Table 5 correlates the rate change for each major cell type

accounting for all subjects during bedrest as compared to prebedrest.

The only cells which significantly appear to exhibit a change through

the pre- and in-bedrest periods, allowing for bedrest stress alone,
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are the discocytes and knizocytes. The discocytes exhibit a significant

decrease and the knizocytes reflect a parallel increase during that

sampling time (See Fig. l & 2). This bedrest effect reflects a slow

change over time, a situation quite opposite from that of storage.

Upon recovery (R+O and R+l) the cells undergo an additional stress and

abruptly shift towards normalcy with the exception of echinocytes which

increase as a result of the time lag factor previously described. The

shift towards normalcy is reflected in the R+6 and R+13 values.

Table 6 compares the effect of storage with that of bedrest. It

is interesting to note that the storage effect is 22.86 times that of

bedrest.

The change during bedrest could be given by:

eY = eatb (I)

where y = percentage of cell category, a = intercept, b = rate of

change(slope), and t = time. By taking natural logarithms for both

side of equation (1), then;

y = a + bln(t) (2)

donating

x = In(t) (3)

By inserting equation (3) into (2), then;

y = a + bx (4)

Equation (4) is a linear function representing a straight line

with a as intercept and b as the rate of change or slope over time in

days. The period of the study was short in time, so that the exponential

function cannot be verified and the linear function (4) was found to be

a better fit.

i
I
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The rate of change for any given percentage category of blood cell

shapes due to bedrest is constant over this short time period; however,

would vary with increasing time over a longer study period.
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TABLE 3. STATISTICAL RESULTS OF STUDYING THE RELATIONSHIP

BETWEEN RED CELL SHAPE CHANGE AND BEDREST TIME (PER DAY RATE OF CHANGE)

(Discocytes, Echinocyte-l, and Stomatocytes combined as one class)

The statistical results are sum_narized as follows:

Subject or Group Intercept Value of Change*

l 92.91 -.3018

2 92.37 -.1482

3 95.59 -.2458

Group I 93.62 -0.2354

4 93.26 -0.0145

5 93.21 -0.0499

6 90.14 .1381

Group II 91.17 0.0686

Significance

of the Slope

P<.lO

P<.lO

P<.OOl

P<.Ol

P<.70

P<.50

P<.90

P<.30

*(per cent per day)
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TABLE 5.

CATEGORY

D.54

STATISTICAL RESULTS OF STUDYING THE RELATIONSHIP BETWEEN

RED CELL SHAPE CHANGE AND BEDREST TIME (PER DAY RATE OF

CHANGE)

INTERCEPT RATE OF CHANGE*
SIGNIFICANCE
OF THE SLOPE

DISCO 77.89 -0.1048 P<.05

KNIZO 4.29 0.0953 P<.05

STO_IATO 9.37 0.0 P<I.O0

ECH-I 5,04 0.0251 P<.40

ADVANCED ECH 0.49 -0.0163 P<.20

*(Per cent per day)
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TABLE 6. ESTIHAIED RATES OF CIIAI_GE

RED CEt.L SHA_'E AS AFFECTED BY STO?,AGEAI_D BEDREST

EXPERIXEHT DISCO KHIZO 5TOIIrTO ECH-I

D.55

ADVANCED
E!CH

Storage'

Bedrest
..Effect

005 -6.80 -0.490 0.890 2.625

007 -6.76 -0,775 -I;635 2.025

005&007 -6.83 -0.630 -0.395 2.325

006 -9.96 -0.890 -0 390 4.710

005,006,007 -8.705 -0.785 -0.390 3.880

006 -0.105 +0.060 0.0 0.025

3.700

8.400

6.050

6.910

6.620

-0.016

ESTII,IATED RATES OF CHANGES FOR DISCO_STOHATO+ECH-I

AS AFFECTED BY STORAGE AND BEDREST

STRESS RATE OF CIIANGE (PERCEIIT/DAY) POTENCY

Bedrest -0.2458* l

Storage -5.6200 22.86

*Estimated from Group I in bedrest. (Unusually high discocyte value in DR-21

for Group II interrupts this trend in that group)
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APPENDIX I
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0

NEW FIXATION METHOD FOR RBC*

.° .

FRESH PERIIHERAL BLOOD

MINIMUM ONE HOUR FIXATION
IN 0.5% GLUTARALDEHYDE/SII,I
AT ROOM TEMPERATURE

pH = 7.4
osm = 320

D.58

!

WASH 3 TI_ES IN SIM

MINIi,IUMONE HOUR POSTFIXATION

IN 1.0% OsO4/SIM

-'--'-Layeronto FM-25 Selas Flotronics
Silver Membrane

DEHYDRATE N GRADED
SERIES OF ETHANOLS

[_0%, 50%, 75%, 90%,

I OO%(2X _]i

CRITI'CAL POINT DRY "

I
COAT c GOLD/PALLADIUM ""

i
EXAMINE

I

,i
°e- °

*Revised 17 March 1976
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HANKS' BALANCED SALT SOLUTION

mg/l

Ca(]l 2 140.0
KCI 40O.0

KH2PO4 60.0

NgCI 2 6H20 I00.0

MgSO4 ' 7H20 I00.0

NaCI 8000.0

NaHCO3 350.0

Na2HPO4 . 2H20 60.0
Glucose I000.0

Phenol Red I0.0

Hanks' Balanced Salt Solution is obtained from Grand

Island Biological Company, GraDd Island, N. Y. It is

at IX concentration and stored at reom temperature

until opened. After opening it is kept refrigerated.
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NASA Technical Memorandum

SERUM ERYTHROPOIETIN TITERS DURING BEDREST 1

C. D. R. Dunn, J. Preston, and R. D. Lange

The University of Tennessee Memorial Research Center
Center for the Health Sciences/Knoxville Units

1924 Alcoa Highway

Knoxville, TN 37920

iSupported by contract no. NAS 9-15164 from the National Aeronautics

and Space Administration.
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Since erythropoietin (Ep) has a central role in the regulation of

erythropoiesis, an effort was made to determine if changes in serum Ep

could explain the well-documented decrease in red cell mass observed

during space flight or space flight simulation (bedrest). Serum for Ep

assay was obtained from each of six volunteers at various times during

the Johnson Space Center/Methodist Hospital bedrest study.

Changes in serum Ep titers during bedrest were generally insignifi-

cant although there was a suggestio_ of elevated levels on day 8 (the

first day that bedrest samples for this study were available). However,

the increases in Ep and in reticulocytes observed post-bedrest are

typical of erythroid stimulation, suggesting that the changes which

occurred during bedrest resulted in a situation requiring enhanced

erythropoiesis during re-adaptation to normal activity. No evidence for

erythroid inhibitors was obtained in any of the sera tested.

Further studies, particularly during the first week of space flight

or of bedrest, when significant changes in plasma volume occur, will be

necessary to determine what mechanism is responsible for the decrease in

red cell mass and if changes in erythropoietin levels are involved.
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One of the most consistent hematological effects of space flight

is a decrease in the red cell mass (Kaplan, 1967). Initially, the

decrease was thought to be related to the high oxygen tension in the

atmosphere of space vehicles (Kaplan, 1967; Breslav et al., 1968; Jensen,

1972). However, similar decreases in the red cell mass were also observed

when the atmospheric oxygen tension was comparable to normal ambient air

and were also seen in ground-based flight simulation (usually bedrest)

(Kaplan, 1967; Vogt and Johnson, 1967). The mechanism responsible for

the decreased red cell mass is unknown. An increase in erythroid inhibi-

tors in the serum of rats post-flight has been claimed (Breslav et al.,

1968; Shcherba et al., 1975) but these results cannot be considered con-

clusive.

Erythropoietin (Ep) is the prime reRulator of erythropolesis in

mammals (Krantz and Jacobson, 1970) and is generated in response to

tissue hypoxia. The hormone acts on a marrow progenitor cell population

to trigger cell division with the ultimate production of mature erythro-

cytes. Since Ep acts in a positive stimulatory way to regulate erythro-

poiesis, a decrease in Ep might be expected to result in the production

of fewer erythrocytes--as occurs, for example, in chronic renal disease

(Erslev, 1970). Using a quantitative in vitro bioassay (Dunn et al., 1975),

we have explored the possible role of serum Erythroid Stimulating Activity

(ESA) in the decrease of red cell mass observed in the six volunteers

involved in the recent Johnson Space Center/Methodist Hospital bedrest study.

METHODS

All volunteers in this study were maintained under carefully controlled

conditions at The Methodist Hospital, Houston, Texas. Blood was taken by
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standard procedures from the six volunteers and allowed to clot at room

temperature. After centrifugation, the serum was collected and stored

at -20°C. At the end of the study period, the samples were packed in

dry ice and transported by courier to the University of Tennessee Memorial

Research Center, Knoxville, where they were stored at -20°C until assayed.

During the entire study period (30 days pre-bedrest, 27 days bedrest, and

17 days post-bedrest), ii samples were collected for ESA assay from each

of subjects 1-3 and i0 samples from each of subjects 4-6.

The _n ultro fetal mouse liver cell assay for ESA has been described

previously (Dunn et aZ., 1975; Dunn and Napier, 1975). In summary, a cell

suspension of the livers of C3H mouse embryos of 13-14 days gestation was

prepared by repeated gentle aspiration through a Pasteur pipette. The

cells were suspended in Eagle's Minimal Essential Medium (Burroughs Wellcome

Co.) supplemented with 5% heat-inactlvated (56oc for 30 minutes) fetal calf

serum and 1% heat-inactlvated pooled human serum to a final concentration

of 5 x 105 cells in i ml cultures. Groups of three cultures were incubated

with varying concentrations (0-25 mU Ep per culture) of Step III sheep

plasma erythropoietin (Connaught Medical Research Laboratories, Toronto)

or with varying concentrations (3.125-50 _i/culture) of the heat-inactivated

test sera for 24 hours at 37°C in an atmosphere of 5% CO 2 in air. At this

time, i _Ci [59Fe] ferrous citrate in i00 _i saline was added to each cul-

ture and the incubations continued for an additional four hours. At the

end of the incubation period, heme was extracted into methyl ethyl ketone

using a minor modification (Dunn and Napier, 1975) of the method originally

described by Teale (1959). Aliquots of the solvent were taken for deter-

mination of radioactivity using an automatic gamma counter.

Employing a PDP-15 computer, the results were analyzed by The Analysis
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of Variance Technique applicable to parallel line bioassays (Colquhoun,

1971). The mean potency and 95% Confidence Limits were calculated for

each test sera only if the sera produced log dose-log response relation-

ships which showed significant (P<O.05) linear regression and slope, and

did not deviate significantly (P>0.05) from linearity or from parallelism

to the log dose-log response relationship of the Ep standard.

To date, we (Dunn and Napier, 1975; Dunn et al., 1976a,b; Napier

et al., 1976) have been unable to separate ESA which enhances hemoglobin

synthesis in fetal mouse liver cell cultures from Ep as measured with

conventional in vivo assays. Nevertheless, the absolute identity of the

two factors has not yet been proven; accordingly, we prefer to use the

term ESA for the factor which stimulates hemoglobin synthesis in fetal

mouse liver cell cultures. One unit of ESA is defined as the quantity of

material in the test solution that produces the same amount of hemoglobin

synthesis as one unit of erythropoletin in either the International Reference

Preparation (IRP) or in standards calibrated against the IRP. Using the

fetal mouse liver cell assay, serum ESA titers in i00 normal subjects have

been found to be 0.15 ± 0.i u/ml (mean ± standard error) although values

as high as 0.7-0.8 u/ml have been observed (Napier et al., 1976).

Absolute reticulocytes (104/mm 3) were calculated from the percent

reticulocyte counts and the number of erythrocytes/mm 3 determined by other

investigators involved in this study.

RESULTS

Assays for ESA in all the test sera fulfilled the criteria of statis-

tically valid assays as defined above. The 95% Confidence Limits never

exceeded 50-200% of the mean potency (100%) and were generally in the range
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of 75-125% (Table I).

Serum ESA concentrations obtained for all the samples are shown in

Table i, in graphical form in Figure i (i-vi), and are summarized in

Figure 2. With the possible exception of the values observed in Subject

2 (Figure l-ii) on RO (i.e., "Recovery" day) and in Subject 3 (Figure

l-ill) on R6, all fluctuations in serum ESA can be considered to have

occurred within the extremes of the normal range (Napier et al., 1976).

ESA tlters higher than those seen on FO were observed in two of the

three subjects from whom serum was obtained on BR8 (i.e., "Bedrest" day)

(Table i, Figure i-i, Figure l-ii). However, serum ESA titers during the

pre-bedrest period (designated "F") were somewhat variable in both subjects

and, in Subject 2 (Figure l-ii), the serum ESA titer of FI4 was higher than

that observed on BRS. No sera from BR8 were available for assay from Sub-

jects 4-6.

No consistent differences from pre-bedrest ESA tlters were found on

BRI4, BR21, and BR27 in the six subjects. However, between RO and R6,

Subjects 2-5 showed ESA titers elevated to varying degrees above pre-bedrest

values. Generally, these increases were associated with increases in the

absolute number of reticulocytes (Figures l-ii to l-vi, Figure 2). By RI3,

serum ESA titers were within the range of concentrations observed in the

pre-bedrest samples.

A pattern of serum ESA titers similar to that shown in Figures l-i

to l-vi was also observed when a hemagglutlnatlon inhibition assay for Ep

(Lange et al., 1971) was employed.

As shown in Figure 2, the red cell mass fell progressively during the

bedrest and post-bedrest study period, averaging 88% of pre-bedrest values

by RI3 (data provided by NASA).
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DISCUSSION

This study represents the first attempt to elucidate the role of

Epin the decreasein red cell massof humansor animalsexposedto space

flight or spaceflight simulation. Theresults indicate the need for

further study.

Although there wasa suggestion of elevated serumESAlevels after

eight daysof bedrest (Figure 2), ESAtiters during the bedrest period

generally showedno significant changesfrom the pre-bedrest values. How-

ever, elevated ESAtiters and a reticulocytosis were observedpost-bedrest

andwere similar to the changesseenwhennormalanimalsare exposedto an

erythroid stress suchas phlebotomyor hypoxia (Krantz andJacobson,1970).

Thesechangessuggestthat re-adaptation to normal activity requires an

increase in the red cell mass,presumablyto normalvalues. Apparently

there is no compensationfor the decreasedred cell masswhich occurs

during bedrest (Kaplan, 1967). Although the decreasein red cell mass

maybe self-limiting (Johnsonet al., 1974), whether it represents a

pathological change or a physiological adaptive process reflecting decreased

oxygen requirements is unknown (Kaplan, 1967).

Shcherba et al. (1975) infer that, at least in the serum of rats

post-space flight, the decrease in red cell mass is a pathological change

associated with decreased Ep and an increased level of erythroid inhibitors.

However, all the sera assayed in the present study produced log dose-log

response relationships parallel to the Ep standard preparation. This

observation excludes the presence of non-competitive inhibitors in the

serum since these would have resulted in log dose-log response relationships

of shallower slope than the Ep standard (Gero, 1971). This finding does not

necessarily exclude the possibility of competitive inhibitors although these

would have the effect of lowering the net ESA titers of the test sera.



D.67

Since ESAtiters throughout the bedrest and recovery periods were generally

within the pre-bedrest range and also within the normal range determined in

other studies (Napier et a_., 1976), varying activity of competitive inhibi-

tors would seem unlikely.

Food deprivation is known to result in depressed erythropoiesis. This

observation has provided the basis for an in vivo assay for Ep (Fried et al.,

1957). A reduced caloric intake during bedrest (H. O. Wheeler, this volume)

resulting in a loss of body weight (Johnston, 1974) therefore may be involved

in the pathology of the decreased red cell mass.

Physiologically, the decrease in plasma volume occurring within the

first seven days of space flight (Jensen, 1972) may result in a state of

relative polycythemia and a shut-down of erythropoiesis until the hematocrit

is equilibrated at or near the normal level. The influence of a decrease in

plasma volume on erythropoiesis has received only scant experimental atten-

tion. Chrysant et al. (1976) have claimed that relative ("stress") poly-

cythemia secondary to hypertension is associated with a normal serum Ep

titer. However, Kilbridge et al. (1969) have shown that the plasma volume

decreases in mice as a consequence of dehydration produce a decrease in

serum Ep titers. It is possible, therefore, that a decrease in plasma

volume producing a state of relative polycythemia could lead to a reduced

serum ESA titer which, in turn, could lead to decreased erythropoiesis until

the hematocrit is equilibrated at or near the normal level. If the oxygen

requirements do not exceed the capacity of the smal]er red cell mass, there

is no obvious reason why maintenance of a normal hematocrit at a reduced

blood volume should be associated with increased or decreased erythropoiesis.

The fact that changes do occur which may allow adequate tissue oxygenation

from a reduced red cell mass is suggested by the findings that cardiac output
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is probably increased during space flight (Thornton and Hoffler, 1974)

and hyperphosphatemia (Johnson et al., 1974; Mengel, 1974) which would

result in a "shift to the right" of the oxygen dissociation curve (Lichtman

et al., 1969) and thereby also facilitate oxygen delivery to the tissues.

Since ferrokinetic studies (e.g., plasma iron turnover, red cell survival),

thought to reflect erythropoiesis, show little change from normal when

determined post-space flight (Kaplan, 1967; Johnson et al., 1974) or during

bedrest (P. C. Johnson, this volume), it would appear that adequate compen-

sation for the reduced red cell mass occurs - particularly in situations

that do not require energy consumption to overcome gravitational forces.

Viewed in this context, the astronauts may not be "anemic" per se if this

term is applied to tissue oxygenation as opposed to defining the quantity

and/or quality of red cells.

Some of our findings (Table i, Figure l-i and l-ii) suggest that ESA

titers may be elevated on day 8 of bedrest. This may be significant because

serum angiotensin levels were also elevated on BR8 (C. S. Leach, this volume;

Leach and Rambaut, 1975). Both Ep and angiotensin are probably produced in

the kidney, and hypoxia is known to cause the increased synthesis of both

hormones (Gould and Goodman, 1970; Varkarakis et al., 1976). It has been

hypothesized that a decreased plasma volume produces a proportionally

greater increase in blood viscosity which, in extreme circumstances, may

be sufficient to result in poor circulation, tissue hypoxia, and the release

of Ep (Castle and Jandl, 1966; Kilbridge et al., 1969).

It seems possible that, with some change in serum Ep titers, the

decreased red cell mass is intimately linked to the changes in plasma volume

which occur during the first few days of space flight or space flight simu-

lation. Reasons for the decrease in red cell mass and of the involvement
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of Ep will probably, therefore, only be found by detailed studies during

the first seven days of space flight.
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LEGENDS

TABLE i. Serum Erythroid Stimulating Activity (ESA) during the bedrest

study period: F25-FO, the 25 days preceding bedrest; BR0-BR27,

bedrest; RO-RI3, the "recovery" or post-bedrest period. Results

are expressed as units/ml. Figures in parenthesis indicate the

95% Confidence Limits.

FIGURE i (i-vi). Serum ESA and absolute number of reticulocytes (104/mm 3)

in the six subjects over the bedrest study period. Same data as

in Table i.

FIGURE 2. Summary of the changes in serum ESA, reticulocytes, and red cell

mass during bedrest and recovery. Results expressed as fractions

of the mean pre-bedrest values I(F25 + FI4 + F0) ÷ 3). Serum

ESA and reticulocyte data from Figure i. Red cell mass results

provided by NASA.
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The Influence of Bedrest on the

Lymphocytic Response of Man

B. Sue Criswell and S. L. Kimzey

Baylor College of Medicine and JSC-NASA

Houston, Texas 770-30

The cellular immune response of astronauts participating in the

Apollo-Soyuz Test Project (ASTP) and in Skylab .3 and 4 was studied

to determine what effects spaceflight and its weightlessness have on the

human immune system. Kimzey et al. (1976) found that in Skylab the

functional capacity of the astronauts' lymphocytes to respond to phyto-

hemagglutinin (PHA) was depressed, and this laboratory noted a suppression

in T-lymphocyte numbers. In the ASTP, a shorter flight, functional

suppression was again noted, but no quantitative changes in lymphocytes

occurred.

To date there have been few opportunities to study this unique

environment. Conflicting demands on the astronaut's time plus practical

limitations on the biological specimens which can be obtained make the

studies less refined than desired. However, bedrest has proved to be a

useful model for simulating many of the physiological effects of weight-

lessness (Wunder et al., 1968)i

According to Wunder et al. (1968) two components of bedrest

make it a valuable technique in simulating weightlessness: (1) less work

is required for postural support and a diminished load is applied to the
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body's supportingstructure} and (2) the lengthof the majorfluid

columnsis reduced.

As part of a two-phasebedrestfollow-up to Skylab(that

includedten medicalexperiments),we examinedthe lymphocytesof

twelve volunteers,six who bedrestedfor two weeksand six for four

weeks. The project was designedto proximate,as closely as possible,

the medicaltesting and dietary control of Skylab.

Contraryto the functional suppressionand quantitativechanges

of lymphocytesthat occurredduringthe Skylaband Apollo-Soyuz

flights, we foundno suppressionof lymphocytefunctionor number

during the bedreststudy. In fact, during the 28-day phasewe observed

a stimulationin the responseof lymphocytesto three mitogens_and in

both phaseswe foundan increasein WBC's the day the subjectsgot

out of bed.

Materials and Methods

Subjects

Twelve paid male volunteers, between the ages of 26 and 36,

participated in the two-phase bedrest project. The subjects, similar

to the Skylab astronaut population in terms of height, weight, intelligence,

personality, physical fitness and general health, were studied 30 days
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beforeand 14 days after each bedrest period. They ate only Skylab

food and drank Skylab water for 49 days (first phase) and 63 days

(second phase). During bedrest at the Methodist Hospital in Houston,

the participants had to remain in the horizontal position, never raising

their feet above the head. During the pre- and post-control period they

lived in a special housing facility.

WBC Counts

Samples of heparinized peripheral venous blood (10 cubic

centimeters) were obtained and were processed within one to 24 hours

after collection. Before separation, total leukocyte (white blood cell,

WBC) counts were performed using a hemacytometer and/or a Coulter

counter; differential counts were determined using slide preparations

stained with Wright's stain.

Lymphocyte Preparation

Lymphocytes were also separated by FicolI-Hypaque gradient

centrifugation according to Boyum's method (1968) or by using a

Technicon lymphocyte separator. Cells in the resulting suspension of

mononuclear cells were washed three times in minimum essential medium

(MEM); they were then adjusted to a final concentration of 1 x 106

cells/ml.
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Lymphocyte Classification

The B-lymphocyte distributions were determined by enumerating

the percent of 200 mononuclear cells with surface immunoglobulins

detected by the immunofluorescent antibody technique described by

DeFazio et al. (1975).

The E-rosette-forming lymphocytes (T-cells) were determined by

the method of Jondahl eL al. (1972). A concentration of I x 106

lymphocytes was mixed in 0.25 ml of MEM and added to 0.25 ml of a

0.5 percent sheep red blood cell (SRBC) suspension. After mixing,

the tubes were incubated at 310 K (-37°C) for 5 minutes, centrifuged

at 500 g for 3 minutes, and incubated in ice water for 2 hours.

Approximately half the supernatant was removed and the top layer of

cells was gently resuspended; 200 lymphocytes were counted with

three or more adhering SRBC used as the criterium for an E-rosetted

lymphocyte.

Lymphocyte Responsiveness in Microculture to PHA, PWM and Con A.

Purified lymphocytes (1 x 105 cells) in MEM containing 40

percent fetal calf serum (FCS) were placed in culture plates, and the

antigens were diluted in MEM (containing Pen-Strep and L-glutamine)

in the following concentrations: 0.01 ml phytohemagglutinin (PHA)/ml

MEM; 0.01 and 0.05 ml pokeweed mitogen (PWM)/ml MEM; and 25

and 50 ug Concanavalin A (Con A)/ml MEM. The diluted antigens in
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0.1 ml aliquots (in duplicate) were placed in the appropriate well.

The cultures were incubated in a humidified carbon dioxide atmosphere

at 310 K (37°C) for the following periods: three days for PHA and

five days for Con A and PWM. On the day of harvest, samples were

pulsed for two hours with 1 microcurie of methyl 3H-thymidine and

then harvested with an automated harvester, onto glass-fiber strips;

they were then counted in a liquid scintillation counter. Data were
6

expressed as counts per minute (CPM/1 x 106 lymphocytes_, and the

stimulation index (SI) was calculated by dividing the mean result for

stimulated cultures by that for the unstimulated cultures.

Results

White Blood Cell Quantitation

Table ! gives the mean and one standard deviation of the WBC

COUnt. _nd %he l_rmphoc!rte count for pre-bedrest,

be6rest and post-bedrest for both the 14- and 28-day periods. In

both phases there were significant increases in WBC numbers on BR+O,

the counterpart to day of splashdown in the space flights.

Table [! shows the numbers of T-lymphocytes, B-lymphocytes

and nonreactive lymphocytes. There are value fluctuations, but they

remain within the one SD for normal laboratory values.
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Lymphocyte Responsiveness in Culture to PHA, PWM and Con A.

The nonspecific mitogen culture results are shown in Table Ill.

There was no suppression of response to the mitogens in either bedrest

study. In fact, on BR+O and BR+I in the 28-day bedrest, the

subjects showed a stimulated response to PHA, PWM and Con A.

Discussion

In this study, bedrest did not mimic the spaceflight environments

of Skylab 3 and 4, or the ASTP. A significant increase in WBC

number and an increased responsiveness to PHA, PWM and Con A was

noted on bedrest "splashdown day," BR+O.

It has been postulated that lymphocyte changes might occur during

spaceflight because crew members would not be exposed to antigenic

stresses from foreign bacteria and viruses. On the other hand, the bedrest

subjects unless left in isolation, would be exposed to the microbes.

In our study bedrest actually enhanced the immune system and,

if WBC number and lymphocyte responsiveness are indicators, resulted

in healthier individuals. Traditionally, bedrest is part of recommended

therapy for various viral and bacterial infections, especially the common

cold and influenza. But only within the last few years have there

been any well controlled studies of the physiological changes that take

place during bedrest. This study seems to substantiate reasons why

bedrest could be Beneficial to individuals with an infection.
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In summary, our data suggest that the response of man's Cellular

immune system to bedrest is not consistent with the changes observed

following extended spaceflight missions.
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Table I

Leukocyte Response to Bedrest

Sample
day(a)

WBC/mm 3

Mean + ISD
Lymphocyte Count/mm 3

Mean + 1SD

14 Days of Bedrest

Pre

Pre

Pre

Post

Post

Post

28 Days of Bedrest

Pre

Pre

Pre

Post

Post

Post

BR-30

BR-21

BR-01

BR+O

BR+3

BR+6

BR-25

BR-14

BR-O

BR+27

BR+O

BR+I

BR+6

6728 + 2339

6087 + 1112

4494 + 2354

6223 + 1684

6930 + 225O

6123 + 1470

5800-+ 2143

5285 + 511

5683 + 560

6185 + 790

7466 + 677

6016 + 818

4516 + 691

2688 + 896

2877 + 830

3010 + 1400

2755

3156

2940

1931

1838

2016

2353

2913

1898

1565

+ 1053

+ 1636

+ 845

+ 521

+ 374
"-T.

+ 376

+ 523

+ 5O7

+ 427

+ 294
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Table II

Lymphocyte Response to Bedrest

Sample
day(a)

T-I ymphocyte s
i x lOD/ml

(Mean + 1SD)

B-lympho_cytes
1 x lOb/ml

(Mean __+1SD)

Non-reactive ly_mphocytes
1 x 10 a

(Mean + 1SD)

14 Days of Bedrest

Pre BR-30

Pre BR-21

Pre B R-O 1

Post BR+O

Post BR+.3

Post BR+6

28 Days of Bedrest

18.9 + 6.6

18.1 + 5.4

17.7 + 11.3

17.7 + 6.7

20.4 + 8.4

19.4 + 6.6

Pre BR-25 13.8 + 3,.6

Pre BR-14 13.8 + 2.4

Pre BR-O 13.6 + 1.7

BR+27 17.3, + 4.0

Post BR+O 20.0 + 4.1

Post BR+I 12.7 + 3.0

Post BR+6 11.5 + 2.2

3.4 + 1.5

2.6 + 1.2

7.2 + 4.5

7.3 +3.2

8.3 +4.4

7.4+2.5

3.1+0.8

3.1+0.6

3.4 + 1.2

5.0 + 1.4

6.5+2.1

4.O + 1.8

2.8 + 0.7

4.6+2.4

8.1 +3.7

5.2+4.2

2.6+2.4

3.3+4.2

2.6 + 1.6

2.4+2.6

1.5+1.2

3.8+2.8

1.3 + 1.3

3.0 + 2.6

2.3+1.4

1.4 + 1.3
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INTRODUCTION

The 28 day bedrest study began as a simulation of Skylab so that

comparative ground based data could be accumulated, using the same

methodology. It gradually evolved into a more problem oriented study

as tests were added which had been precluded by the spaceflight constraints.

Weekly plasma volumes and a midpoint red cell mass were performed so that

the time course of changes in these parameters could be documented.

Additionally a countermeasure involving saline ingestion during -30 mmHg

LBNP was evaluated in terms of its abili%y to restore plasma volume and

exercise and orthostatic tolerance. The role of plasma volume (PV) in cardio-

vascular deconditioning is still open to debate as are the roles of the

other fluid compartments such as extra and intracellular fluid. Although

bedrest fluid volume changes are relatively well documented, there are

still areas of non-agreement and the magnitude of change is different

from that of spaceflight. Information about plasma volume change with

14 days of bedrest is copious. At that interval plasma volume has decreased

a mean II-12% with approximately three quarters of that occurring in the

first 3 days. After two weeks the literature gets scantier, but the

mean obtained showed a slight additional decrease to 16-17%. Although

few red cell mass determinations have been performed during bedrest the

literature would predict a decrease of approximately 7.8% in 28 days. The

literature concerning extracellular fluid (ECF) is not so clear cut. One

investigator has found extracellular fluid changes greater than plasma

volume changes and postulated extravascular dehydration as being

contributory to the cardiovascular deconditioning. Intuitively both ECF

and total body water (TBW) would be predicted to decrease since PV and
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RBC mass go down and muscle tissue of the legs should decrease to be

replaced by fat, a non water containing tissue. However, we found no

such changes in an earlier 14 day study.

METHODS

The subjects who participated were healthy male volunteers between

the ages of 26 and 37 who were physically active although they were not

athletes.

The counter measure study, performed on days 13, 14, and 15, utilized

a three way crossover design. Plasma volume and response to lower body

negative pressure (LBHP) and exercise testing were determined pre and post

the following treatment:

(1) ingestion of approximately I liter of saline during four hours

of LBNP at -30 mmHg (the exact amount was determined by body weight).

(2) ingestion of the same amount of salineat the same rate as treatment #1.

(3) water ad libitum for four hours.

Morning plasma volumes were performed before the subjects arose

after an overnight fast. During the crossover study the PM plasma

volume was done during the last half hour of the treatment before the

second LBNP test and four hours after eating. Plasma volumes utilizing

RIHSA 1251 were performed at BR-40, BR+O, approximately once weekly during

the bedrest period, except during the crossover study, and on R+14. Red

cell masses utilizing 5lCr were performed on BR-40, BR+O, BR+I3, BR+27 and

R+14. Extracellular fluid volume was measured using 35S04 space at 30

minutes and by extrapolations to zero time of the 35S04 activity from the

least squares fit of 30, 60, 90 and 120 minute samples. This was done
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to compare the two ECF estimates. ECF was measured at BR-40, BR+O, and BR+27.

Each time ECF was determined TBW was measured using specific activity

of urine specimens collected 3-8 hours post dose. For a complete protocol

and methods please consult "JSC/Methodist Hospital 28 Day Bedrest Study,

Vol. l"

An additional short study was performed to investigate the diurnal

variation of plasma volume. Five males who had approximately the same

anthropomorphic characteristics as the bedrest subjects were tested

twice daily at 7 AM and 2 PM for plasma volume changes. Morning plasma

volumes were performed before the subjects arose and after an 8 hour

fast. The afternoon plasma volumes were performed 4 hours post prandial

and after a 30 minute recumbency period. The first two days they ate

a moderately high sodium intake diet and on the third day a low sodium

diet; on days l and 3 they were ambulatory while on day 2 they remained in

bed.

RESULTS

The results of the plasma volume data are summarized in Table I.

(Complete data for all measured parameters are presented in the Appendices).

Mean control plasma volumes performed forty days apart, forty days before

the beginning of bedrest and on the day the subjects went to bed, were

not significantly different, varying only 32 ml. At the time of the BR-40

plasma volumes, the subjects were not eating a controlled diet. These

data therefore, indicate that neither the high sodium content of the

Skylab diet nor climate changes in Houston between April and June produced

a significant change in plasma volume.
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Tests were performed in both instances at about 7 Pd_before the

subjects arose. Because of a flood of the Methodist Hospital only one

group of subjects were tested on BR+7. They d_nonstrated a significant

decrease at BR+7 which was equal to the decrease on BR+I3. The mean plasma

volume for all six subjects was 88.6% of the prebedrest control at day

13, 83.6% at day 21, and 85.8% at day 27. The plasma volumes thus

showed the expected decrease predictable from a review of other bedrest

studies. The maximum decrease was seen at three weeks, with plasma

volume increasing 2.2% during the fourth week. It had returned to normal

by two weeks post bedrest. In comparison, astronauts of Skylab If,

the 28 day mission, showed only a -3% change in plasma volume.

Table II shows the plasma volume results during the crossover study

on days 13, 14 and 15 of bedrest. When the subjects received no treatment

but were allowed breakfast and water ad libitum, the plasma volume increased

81±74 ml between AM and PM. When the subjects received saline, the plasma

volume increased 416±Ill ml and when the subjects received saline while in

the LBNP, the plasma volume increased 186_62 ml. Using the Friedman two-

way analysis of variance by ranks, control vs LBNP and saline and control vs

saline were statistically different (p<O.05). It should be noted that there

was a relatively large carry over effect and the plasma volume remained

elevated on the next morning post treatment. On bedrest day 13 the mean

plasma volume, as mentioned earlier, was 88.6% of the control while on

day 14 it had risen to 94.0% of the control and remained at 92.g% of

the control on day 15. The largest carry over effect appeared to be with

LBNP + Saline where the plasma volume was 218±g3 ml larger the AM following

the treatment than the AM of the treatment; with saline it was 6g±138 ml
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larger andwith no treatment it was66±87ml smaller. Howevernoneof

these differences was of significance statistically (p>.05). Thesedata

wouldbe affected thoughby the order of treatments.

Becausewesawa mean88 ml increase in plasmavolumewhenno

treatment wasgiven, and 356 and 223ml increases in the two subjects who

received no treatment on day 13, the first day of the crossover study, we

decided to determine the diurnal variation of plasmavolumein five control

subjects whoapproximatedthe bedrest subjects with regard to age and

build. Thesedata are shownin Table III. Anapproximate200ml diurnal

increase in plasmavolumepersisted betweenAMand PMplasmavolumes,whether

the subjects remainedupright or supine during the interim andwhether they

consumeda high or low sodiumdiet. A Friedmantwo wayanalysis of variance

by ranks showedno statistical difference amongthe treatments (p=0.75).

Table IV showsa summary%changebetweenBR-Oand BR+27of extracellular

fluid, total bodywater and lean bodymassdata. Nostatistically signifi-

cant changewasseenin any of these parameters.

Table V showsthe red cell massdata and the ferrokinetic studies.

Redcell massdecreasedto a mean96.9%of the control value by day 13 of

bedrest and to 93.3%by 27 daysof bedrest. Therewasno significant

drop betweenBR-40and BR+Oindicating, as our earlier studies have

indicated, that blood withdrawal wasnot great enoughto cause red cell

massloss. Theferrokinetic studies showedno significant changeand

did not offer any insight into the causefor losses in red cell mass

during bedrest. ThemeanRBCmassloss wasgreater than the meanof the

two weekbedrest study performedlast year andalso consistent with the

red cell massloss during bedrest reported in the literature. Figure l

is a compositeof literature studies reporting red cell masschangeswith

%loss of RBCmassplotted against the duration of bedrest. As can be seen
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the decreaseappears to be linear with time (%change= o.g + 0.24 x days

of bedrest) and our findings in this study are consistent with this estimate

of red cell massloss. After both our two and four weekstudies, red cell

masscontinued to decreaseuponambulation, such that two weekspost bedrest

after the two weekstudy, the red cell massloss equalled the loss found after

28 days of bedrest. Skylab II astronauts showed a 15.1% decrease in red cell

mass which is greater than two standard deviations of the predicted bedrest

value; however, unlike bedrest, the red cell mass did not continue to decrease

postflight.

i
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DISCUSSION

Through the correlation of our findings with those of other investigators

involved in this study, we have been able to analyze several of the popular

theories for the cardiovascular deconditioning seen after bedrest. Hyatt

eta]. have postulated that the deconditioning might be caused by extravascu-

far dehydration, which is defined by them as a decrease in the interstitial

fluid. Their evidence was derived from water balance data and later from a

5% measured decrease obtained from direct measurements using radioactive

bromide space as a measure of ECF (1,2). They thought that increased

extravasation of plasma during orthostasis at a time when plasma volume was

already lowered could explain the increased heart rates of bedrested subjects

during tilt or LBNP testing. We, however, have not found a significant ECF

decrease. In our 1975 14-day bedrest study we saw an insignificant I%

decrease, but thought that the decrease could have been masked, because the

control values were obtained three weeks prior to bedrest and pr_or to the

subjects' beginning the relatively high salt content Skylab diet. This year

we measured ECF both 40 days prior to the beginning of bedrest and the day

the subjects went to bed; and calculated the ECF not only from a 30 minute

sample but also from an extrapolation of a die-away curve. Although the

extrapolated value differed from the 30 minute value, the relationship

remained constant, showing that the reproducibility of the 30 minute value

which was used for Apollo and Skylab studies is as good as that of the

extrapolated value which requires multiple blood samples. Using the 30

minute sample, we found a mean 3.1% change (P>O.05) decrease in ECF which

amounts to 8 ml/kg BW change during 27 days of bedrest. The plasma volume

decrease of 6.8 ml/kg BW nearly completely accounts for this change. ECF

decreases were also small (-0.8%) after the 28 day Skylab II and were
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generally small after all spaceflights. The greatest mean decrease,

which was still small (-2.6%) was noted after Apollo 15. The reason

for the lower decrease in these studies than Hyatt's study is unclear.

Feasibly since Hyatt estimates ECF with a bromide dilution space, and

we estimate ECF with sulfate, the bromide space estimate might be measuring

a volume more sensitive to bedrest than the sulfate space estimate of ECF.

Intuitively, one might assume that ECF would change since plasma volume,

which constitutes a portion of ECF, decreases; but our evidence seems to

point to a shift in location of ECF rather than a plasma volume unrelated

decrease. The relatively rapid changes in leg volume noted in this study

without a significant decrease in ECF would be consistent with a transfer

of ECF from the lower extremities. Within a week of the start of bedrest

the leg volume showed a significant decrease, too large to be accounted

for by a plasma volume change only. Although we wereable toperform

plasma volumes for only one group of subjects at day 7 because of the

flooding of The Methodist Hospital, they showed a decrease on day 7

identical to that on day 13. The mean decrease on day 13 for all six

subjects was 373 ml and could be assumed to be approximately that on day 7.

The mean measured left leg volume decrease at that time was 189 ml or

approximately 378 for both legs. Since it is illogical to assume that the

total plasma volume decrease would be from the legs, ECF appears to have

been lost from the legs. This could mean a movement of ECF to the dependent

portions of the back muscles away from the weight supporting areas of the

upright body. The leg volume continued to decrease another lO0 ml from

13 to 25 days presumably as a result of calf muscle atrophy. Conversely,

early recovery data seem to indicate a fluid shift into the legs either

intra or extravascular. When the resting supine leg volume was measured



by Hoffler on BR+27and remeasuredon R+Oafter the subjects hadbeenout

of bed for approximately2-3 hours, sitting andwalking, it showeda I00 ml

increase. Upright biostereometric measurementsperformedearlier in the day

or one hour after arising from bedrest registered this shift betweenBR+27

and R+O. OnR+Oa 3.7%decreasein calf size comparedto pre bedrest was

calculated from photos which returned to -2%by R+I and remained

decreasedon R+7, the last time photos_were taken. Biostereometric

photos showeda concommitantincrease in the midsection of the body, although

no weight gain wasseen, further indicating a shift rather than an overall

fluid loss. Spaceflight differs from bedrest in that most astronauts lose

weight during the earlier flight days nonethelessthe ECFchangesare mini-

mal and the decreasein calf size is approximately8%,twice as large as the

bedrest changes.

Whetherthese shifts indicate that increased extravasation of

fluid wouldoccur post bedrest and what the significance of a shift would

be in the complexof other changesare undetermined. Several investigators

including Menninger,Bartok and Hoffler, in this study, haveattempted

to measurepostbedrest increases in %changein leg volumeduring

LBNPor tilt, to no avail (3,4). Hoffler consistently found about a 3%

increase in leg volumeduring -50 LBNPregardless of the bedrest duration or

treatment. Evenduring the crossover study whenthe plasmavolumewas

expanded,the leg volumeincrease during LBNPremainedconstant. An

increase could haveindicated either venouspooling or increased fluid

extravasation. Nochangemayactually occur or the measurementmaynot be

sensitive enough to measurethe magnitudeof changewhich wouldbe

expected. If the plasmavolumeis reducedand a normal amountof blood

is pooled in the legs, central blood volumewouldbe reducedand evena

small increase in pooling or extravasation could produceaphysiologically

E. g



E. 10

significant decrease in central volume. Since the leg volume is about 8

liters a 3% increase would indicate that about 500 ml are pooled in the legs

during LBNP and an additional 200 ml increase, which would be within the

noise level of the measurement, would go undetected and could be significant

to the cardiovascular system. The studies of Van Beaumont et al., however,

have pointed away from plasma extravasation as a major factor for syncope,

at least in their centrifuge studies (5). After both dehydration and bedrest

they found that loss of plasma through extravasation during centrlfugation

was smaller the greater the plasma volume decrease. They found a twofold

greater loss of plasma volume following centrifugation pre bedrest than post

bedrest although acceleration tolerance was reduced post bedrest. Their

studies would indicate that the initial plasma or blOOd volume rather than

extravasation of the blood volume was more important.

Plasma volume has long been known to decrease with bedrest, and has

been incorporated into several theories of the cardiovascular deconditioning

seen post bedrest and postflight. Postflight, Hoffler has found a correlation

of statistical significance (r=.54) between blood volume decrease and ortho-

statically stressed change in heart rate (6). Stevens et al. found a

similar correlation between plasma volume change and change in stressed

heart rate when hypoxia and bedrest were combined (7). Chobanian, on the

other hand, who studied the time course of changes in plasma volume and

orthostatically stressed heart rate, found his greatest plasma volume change

at one week, but found that the orthostatlcally stressed heart change in-

creased progressively (8): In our 28 day bedrest study we found no correlation

between stressed heart rate and blood or plasma volume change at 13 or 27 days.

The weekly decline in orthostatic tolerance as assessed by a change in heart

rate at -50 LBNP was linear (r=.g4), while blood volume change decreased 10%
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during the _rst two weeks and only an additional 1.5% during the last two

weeks. Although the decrease in red cell mass appears linear when various

bedrest studies are reviewed, the plasma volume decreases most rapidly

within the first few days. In the present study plasma volume decreased

II.4% in 13 days and an additional 2.8% in the next 14. There was actually

a slight increase in plasma volume between the third and fourth week.

To evaluate the role of plasma volume changes in orthostatic tolerance,

the special crossover study was performed, There was no correlation, however,

between the plasma volume increase and the lowering of the heart rate during

LBNP stress. Plasma volume increase was greatest with saline alone (+41_ ml),

while LBNP ÷ saline had the greatest protective effect during the LBNP testing.

This treatment also produced a 4% increase in resting leg size after both

2 and 4 weeks of bedrest, while saline alone did not increase leg volume.

The increase in leg volume after the LNBP and saline treatment is presumably

due to increased interstitial fluid rather than increased vascular volume

in that the plasma volume increased only 186 ml. The LBNP + Saline plasma

volume determinations may have been artificially low because the determina-

tion was made during the last 30 minutes of the four hour LBNP. By the

following morning, the largest residual increase was in the saline + LBNP

group (218), suggesting a slow return of the fluid from the interstitial

space. Leg volumes and heart rates returned to pretreatment levels by the

following morning and did not reflect this carryover effect. Since

aldosterone levels were found to be elevated on the days when LBNP treatment

was used, the increased plasma volumes the following morning could have also

resulted from the increased aldosterone.

Although neither plasma volume nor blood volume changes correlated

well with LBNP induced heart rate changes, it is nonetheless true that all

techniques which have been used to increase orthostatic tolerance are
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directed at increasing or changingthe distribution of plasmavolumeand

extracellular fluid. For example, in the previously mentionedhypoxic

bedrest study, LBNPwasusedfor lO hours a day for two consecutive days

to restore plasmavolume(7). In responseto a given exercise load the

heart rate wasmuchhigher if the plasmavolumewasdecreasedbut unchanged

from control levels if the plasmavolumewas re-expandedby LBNP. Maximum

oxygenconsumptionwasdecreasedin all subjects following bedrest regardless

of their blood volumes indicating that maximum cardiac output was still

below the prebedrest levels even after correction of the blood volume.

Bohnn et al. have also used 9- alpha flurohydrocortisone to correct bedrest

induced plasma volume decreases and to prevent the orthostatic instability

of bedrest (9). Stevens et al. used the same drugs in addition to occlusive

cuffs in their hypoxic bedrest ,study but found that while this treatment

restored plasma volume it had no significant effect on the heart rate response

to orthostatic intolerance (lO). In our study a treatment using LBNP and

saline ingestion reduced the heart rate response to LBNP stress and also

increased plasma volume and ECF in the legs.

The reason for these inconsistencies is not clear. It is clear that

both LBNP and 9-alpha flurohydrocortisone must have physiological effects

other than plasma volume reexpansion; the "reconditioning" capabilities of

these treatments therefore might stem from factors unrelated to plasma volume,

and the plasma volume reconstitution could be totally circumstantial. Plasma

volume increases might remove some of the symptomology of "deconditioning"

without plasma volume decreases actually being the cause of the improved

cardiac functions, just as nitroglycerine relieves the pain of angina

pectoris without increasing coronary blood flow. The decrease in plasma

volume could also relate to the prior physical conditioning of the subjects,
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in that blood volume is known to increase with physical conditioning.

The influence of the diurnal variation of plasma volume has not been taken

into consideration in a11 studies. It has been assumed generally in the

medical literature that plasma volume of a normal subject who is up and about

is greatest in the AM (control period) and that the plasma volume decreases

during the day due to shifts of fluids out of the vascular tree as a result of

the increased hydrostatic pressure in the legs. The results of the two

studies reported here seem to refute this. These data indicate that bedrest

decreases but does not ameliorate the normal AM to PM increase in plasma

volume. Therefore, if treatments which produce changes in plasma volume

are to be studied it will be necessary to compare them at similar times of the

day to remove this variable from the treatment effect. The results suggest

again that the most reproducible plasma volume is obtained when the subject

first awakes in the AM and before he gets out of bed or eats. The small

number of subjects in this present study and other studies naturally makes it

difficult to intelligently weigh the importance of these various factors.

Besides extravascular dehydration and plasma volume decrease, Saltln

has mentioned the possibility of a "cardiac effect" in the cardiovascular

deconditioning of bedrest (II). He and Hyatt have both found increases in

heart rates during submaximum supine bicycle exercise post bedrest (1,9,11).

In this position venous return should be facilitated theoretically removing

the effect of the decreased plasma volume. Bedrested subjects differ from

subjects whose plasma volumes are reduced by thermal dehydration. Thermally

dehydrated subjects with plasma volume deficits of up to 25% showed increased

heart rates only when they were exercised in the upright position (12). Sawin

in this study found intolerance to supine exercise during bedrest and

intolerance to supine and upright exercise post bedrest, although the

supine exercise deficit did not become statistically significant until the
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third week and did not correlate with plasma volume decrease. Hoffler also

found decreased cardiac sizes post bedrest. Although the cardiac size in

this study was determined from standard upright chest films, an earlier

study by Saltin showed decreases even in the supine position after 4 weeks

of bedrest (ll). These results suggest that bedrest causes a change in

cardiac dynamics unrelated to the total plasma volume deficit. While

plasma volume deficit may explain many of the early changes, there are

probably other factors which become important later as bedrest is prolonged

beyond the first week.

Another finding of bedrest and space flight has been a red cell

mass decrease. Although not as significant as the red cell mass decrease

after 28 days of spaceflight (15.1%), the bedrest decrease was 6.7%.

We had in fact predicted this decrease from a formula which equates days of

bedrest to % decrease in red cell mass (% decrease=O.90 + 0.24 x days of

bedrest) which we derived from a review of bedrest studies in the literature.

The observed relationship was thus reconfirmed, indicating that the red

cell mass decrease is a linear function with time at least for 28 days.

Plasma volume, on the other hand, decreases rapidly during the first few

days of bedrest followed by only small changes for up to 28 days.

A linear decrease could most easily be produced by a decrease in bone

marrow production. A 25% decrease in red cell production rate could

account for the changes found. It seems less likely that the lowering

of the red cell mass is a result of increased random loss as is found in

hemolytic anemia since this would produce an exponential decrease and

there was no ancillary evidence of hemolysis. A shortened life span seems

unlikely since fragile cells appear maintained in the circulation only to

be lost in a short period following ambulation. After both the 14 and 2B
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day studies as well as after a study by Morse, red cell mass was seen to

additionally decrease upon ambulation (13). No additional decrease has

been seen after spaceflight, although the inflight changes were larger,

narrowing total overall difference in the two experimental conditions.

In bedrest the mean red cell age may actually increase during bedrest if

production slows and red cells remain in the peripheral circulation for

longer periods of time.

Unfortunately we find ourselves unable to prove this possibility and

at the same time rule out other explanations. The unchanged reticulocyte

counts during bedrest are evidence against this theory; however, a 25%

decrease in reticulocytes might be too small a change to be measured since

the number of reticulocytes actually counted has a coefficient of variation

equal to this. Iron turnover did not change but would be expected to

change if the production rate decreased. Ineffective erythropoiesis

does not seem likely, since the percent reappearance of the radio-iron

labeled cells was normal.

If aging red cells are allowed to remain in the circulation of a

bedrest subject and the red cell shape changes are minimal, we can assume

that vascular endothelium remained intact and that the red cells are not

subjected to increased fibrous strands as is seen during intravascular red

cell fragmentation. On the other hand, if a decrease in bone marrow function

was to occur, it would by necessity require a hormone messenger. Where

the messenger arises and how it performs is still unknown. Bedrest might

prove to be a convenient model to study the phenomenon of inhibited red cell

function.

Changes in endocrine function occur during prolonged bedrest, but none

that would explain the red cell mass changes. Both the 14 and 28 day study
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period produced increased cortisol excretion, and increased serum T-4,

T-3 and increased aldosterone excretion. Cortisol is a known stimulator

of erythropoiesis which presumably could counteract any red cell mass loss.

The increase in thyroid hormone levels without a concurrent change in TSH

indicates increased thyroid function which would stimulate erythropoiesis.

Testosterone levels and ketosteroids were not measured but are not known

to decrease during bedrest.

These bedrest studies were designed as a simulation of the 28 day

Skylab II mission. In the bedrest studies the space and volume determinations

were performed by techniques identical to those used for the Skylab experi-

ment MOll3 and the biochemistry studies.

series indicates:

A comparison of the two test

Mean % Change

BR SmLl._I BR SLIIMeasurement m--] ml/k--g ml/kg

Red Cell Mass - 6.7 -15.l - 6.7 - 9.5
Plasma Volume -14.6 - 3.0 -14.6 + 1.9

Extracellular Fluid - 3.l - 0.8 - 3.l + 4.3

Total Body Water + 0.7 - 2.5 + 0.7 + 1.7

This bedrest study showed a lower percentage decrease in the red cell

mass with the bedrest value about one half of that seen after spaceflight.

The red cell mass change constrasts sharply with the plasma volume change,

which is about five times greater following the bedrest study. In neither

the extracellular fluid nor the body water determination was a significant

difference found.

To the present the greater decrease in red cell mass found during

spaceflight is unexplained. However during bedrest fragile red cells seem to

remain in the circulation until the subject is up and about, when these

red cells leave the circulation. It is possible that these fragile cells
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disappeared from the Skylab astronauts circulating blood volume during

the reentry and recovery sequence. If this did not happen then the

environment of spaceflight causes a continuous loss of these cells which

seems to be preserved during bedrest.

The lesser plasma volume decrease found after the recovery of the

Skylab crewmembers may be a reflection of normal diurnal change noted

in plasma volume. A diurnal change continues for at ]east 15 days during

bedrest. Since the crewmembers had been awake and active for about six

hours prior to recovery, they would be expected to show a lesser decrease

in plasma volume if spaceflight affects plasma volume in a fashion quanti-

tatively similar to that of bedrest and a diurnal change continues. At this

time there is no information as to whether diurnal plasma volume changes

occur.
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TABLE 1

Date
(AM)

BR-40

BR-O

BR+13

BR+I4

BR+15

BR+21

BR+27

R+13

ml

3420

3388

3015

3205

3204

2844

2918

3434

Mean Plasma Volume

28 Day Bedrest Study

% of Mean
Control

88.6

94.0

92.9

83.6

85.8

I00.7

ml/kg

49.2

48.8

43.2

42.7

45.0

40.9

42.0

49.1

14 Day Bedrest Study

% of Control

93.1

I07.4
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TABLE2

CROSSOVERSTUDYATDAYS13, 14, & 15 of 28 DAY BEDREST

AM to PM Plasma Volume Change

Aml ± SE

N=6

Control

+81 ± 74

Saline

+416 ± 111

LBflP + Saline

+186 ± 62

Friedman Two-Way Analysis of Variance by Ranks

Control vs LBNP + Saline

Control vs Saline

Saline vs LBNP + Saline

p < 0.05

p < 0.05

p = O.lO

AM to AM Plasma Volume Change

eml ± SE

N=4

Control

-66 ± 87

Saline

+69 ± 138

LBNP + Saline

+218 ± 93

Mann Whitney U Test

Control vs LBNP + Saline

Control vs Saline

Saline vs LBNP + Saline

p = .057

p = .343

p = .243
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TABLE 3

Up and About*

CONTROL SUBJECTS N4TO PM PLASF_ VOLUME CHANGE

aml ± SE

/P

Supine Throughout**
the Study Day

Up and About*
Low Sodium Diet

+226 ± 41 +194 • 84 +224 ± 40

*Supine 8 hours prior to and until the 30 minute AM plasma volume
sample was withdrawn.
Supine 30 minutes prior to and until the 30 minute PM plasma
volume sample was withdrawn.

**Supine 8 hours prior to the AM plasma volume and throughout the
day until the 30 minute PM plasma volume sample was withdrawn.

Friedman _vo-Way Analysis of Variance by Ranks p = 0.75
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TABLE 4

FLUID SPACES

MEAN

ECF Ext. ECF TBW

ml/kg ml/kg ml/kg

BR Days 14 28 14 28 14 28

PRE 201 235 654

BR-O 203 234 234 611 654

BREND 195 229 226 607 658

LBM %LBM

14 28 ]4 28

62.5 89.5

58.3 62.4 83.7 89.6

58.2 62.8 83.0 90.I

PV

ml/kg

14 28

43.3 49.2

42.8 48.8

39.9 42.0

28 DaylBedrest Study

%of Control Value of BR+27 Days

MEAN ] 2 3 4 5 6

ECF* (liters) 96.9 99_4 99.7 92.3 91.0 ]00.6 98.5

ECF** (liters) 97.6 lO0,O lOl.4 96.3 88.5 ]00.0 99.6

TBW (liters) 100.7 97.8 100.6 105.4 I00.7 99.6 lO0.O

LBM (kg) 100.7 97.9 I00.7 105.4 I00.7 99.6 99.9

LBM (%BW) I00.6 lOl.5 102.6 I03.6 100.7 96.8 98.4

ECF* (ml/kg) 96.3 100.5 100.0 91.3 91.2 97.7 96.9

ECF** (ml/kg) 96.9 101.0 101.6 95.6 88.4 97.2 97.8

TBW (ml/kg) 100.6 101.4 102.5 103.8 100.7 96.8 98.5

* ECF using 35S concentration of 30 minute plasma sample

** ECF using extrapolated 0 time 35S concentration
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TABLE 5

Mean Red Cell Mass

28 Day Bedrest Study

Day m] ml/kg

BR-40 2]62 31.I

BR-O 2165 31.2

BR+I3/14 2098 30.0

BR+27 2020 29.1

R+13 1908 27.4

R+48

Control

% of Mean
Control

96.9

93.3

87.9

14 Day Study = 26.5 ml/kg
28 Day Study = 31.2 ml/kg

14 Day
Bedrest

Study

% of Mean
Control

95.1

93.5

105.2

59Fe T½ (min)

BR Days 14 28

Pre 96.7

Post I13.2 97.6

Mean Values

Serum Iron
14 28

84.2

107 96

59Fe Turnover
14 28

0.46

0.41 0.42

59Fe % Reappearance
14 28

95

]03
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FIGUREl
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DAY

BR-40

BR-O

BR÷7

BR+I3

BR+13

BR÷I4

BR+I4

BR+15

BR÷I 5

BR+21

BR+27

R+13

m4

PM

AM

PM

AM

PM

MEAN

3420

3388

3015

3205

3204

2844

2918

3434

28 Day Bedrest Study
Plasma Volume (ml)

"Appendix - 1

l 2 3 4 5 6

3457 3612 3278 3311 3668 3197

3469 3577 3304 3230 3656 3095

2938 3357 284]

2849 3ll2 2900 3010 3376 2841

3034 ** •3554* 3256 3110"* 4323* 306¢

3279 3269 3017 3087 3797 2781

3528 * 3132 3483** 3456* 3774 30ll**

3lll 2967 3064 2953 3776 3097

3205 30]9** 33]7* 2928 3859** 3333*

2871 2791 2832 2659 3199 2713

2827 2894 2989 2767 3241 2787

3641 3285 355.9 2822 4128 3169

Red Cell Hass (ml}

BR-40 2162 2247 2428 2135 2007 2322 1856

BR-O 2165 2245 2471 2126 2014 2315 1822

BR+I3 2098 2134 2423 2072 2016 2164 1782

BR+27 2020 2135 2343 2047 2022 1969 1605

R+13. 1908 1967 2335 1961 1772 1898 1514

E.25

* Saline

** Saline + LBNP



DAY

BR-40

BR-O

BR+7

BR+13

BR-z-14

BR+I 5

BR+21

BR+27

R+I3

BR-40

BR-O

BR+]3

BR+27

R+I 3

BR+7

BR+13 AM

BR÷13 PM

BR-z-14N-1

BR+14 PH

BR+]5 AM

BR+15 PH

BR+21

BR+27

R+I 3

MEAN

49.2

48.8

28 Day Bedrest Study
Plasma Volume (ml/kg)

1 2 3

44.9 52.0 45.2

45.8 51.7 45.5

43.2 37.7 45.0 39.6

42.7 40.3 44.3 38.6

45.0 41.3 43.3 41.8

40.9 38.5 41.2 38.6

42.0 38.4 2.5 40.5

49.1 49.8 58.2 48.0

Red Cell Mass (ml/kg)

4

54.0

52.4

47.3

48.5

46.4

47.6

43.3

45.0
45.3

31.1 29.2 34.9 29.4 32.7

31.2 29.6 35.7 29.3 32.7

30.0 28.3 35.0 28.3 32.5

29.1 29.0 34.4 27.7 32.9

27.4 26.9 34.3 26.4 29.1

90.6

88.6

99.3

94.0

100.0

92.9

96.4

83.6

85.8

100.7

Plasma Volume (% of Pre Bedrest Mean)

89.8

82.3 86.6 88.1 92.0

87.6** 98.9* 98.9 95.1"*

94.7 90.9 91.7 94.4

101.9 * 87.1 105.8"* 105.7 *

89.8 82.5 93. ] 90.3

92.5 84.0 ** 100.8 * 89.5

82.9 77.6 86.0 81.3

81.6 80.5 90.8 84.6

105.1 91.4 108.1 86.3

Red Cell Mass (%_of Pre Bedrest Mean)

Appendix- 2
E.26

5 6

49.6 49.8

48.9 48.5

44.8 44.2

44.4 44.0

46.3 40.4

49.2 46.9
m

42.0 42.0

42.4 42.9

53.3 49.1

31.4 2.8.9

31.0 28.5

28.5 27.6

25.7 24.7

24.5 23.5

{

91.7 90.3

92.2 90.3

118.0" 97.4

103.7 88.4

103.0 95.7**

103.1 98.4

105.4"* 105.9 *

87.4 86.2

88.6
112.7 100.7

BR+13 96.9 95.0 98.9 97.2 100L3 93.3 96.9

BR+27 93.3 95.0 95.6 96.1 :100.6 84.9 87.3

R+] 3 87.9 87.6 95.5 92.0 88.1 81.9 82.3



28 Day Bedrest Study _

Blood Volume (ml)

Appendix -

DAY MEAN l 2 3 4 5 6

BR-40 5586 5704 6040 5413 5318 5990 5053

BR-O 5554 5714 6048 5430 5244 5971 4917

BR+]3 5113 4983 5535 4972 5026 5540 4623

BR+27 4938 4962 5237 5036 4789 5210 4392

R+13 5488 5578 5624 5520 4594 6026 4683

Blood Volume (ml/kg)

BR-40 80.3 74.1 86.9 74.6 86.8 80.9 78.7

BR-O 80.0 75.5 87.4 74.8 85.1 79.8 77.1

BR+]3 73.2 66.0 80.0 67.9 81.1 72.9 71.6

BR+27 71.0 67.4 76.9 68.2 77.9 68.1 67.6

R+13 76.5 76.3 82.6 74.4 75.4 77.8 72.6

E.26/_

3

BR-40

BR-O

BR+27

BR-40

BR-O

BR+27

29.2

29.3

30.0

13.0

12.9

]2.9

Intracellular Fluid (liters)

3].8 28.9 30.4 26.0

31.5 29.1 31.1 25.3

30.7 29.5 34.7 27.3

Interstitial Fluid (liters)

13.l ]3.5 14.4 11.5

]2.7 ]4.0 14.1 12.l

13.5 ]4.4 13.2 I0.9

3l.]

3] .1

30.8

14.5

]4.3

15.0

26.7

27.5

27.2

10.8

]0.1

I0.6

BR+I3

BR+27

R+I3

90.2

88.7

95.7

87.3

86.9

97.7

Blood Volume (ml)
% of Pre Bedrest Mean

i

91.6 91.7 95.2

86.6 92.9 90.7

93.0 lOl.8 87.0

92.6

87.]

100.8

92.7

88.1

93.9
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28 DayB_drestStudy

Subject Weiqht (kg)
DAY Mean 1 2 3 4 5

BR-40 69.8 77.0 69.5 72.6 61.3 74.0

BR-O 69.6 75.7 69.2 72.6 61.6 74.8

BR+7 62.1 74.9

BR+13 70.1 75.0 69.3 73.2 62.2 76.2

BR+I4 70.3 76.1 69.1 73.1 62.2 76.7

BR+I 5 70.3 75.3 68.6 73.2 62.0 76.7

BR+21 69.6 74.5 67.8 73.4 61.4 76. I

BR+27 69.8 73.6 68.1 73.8 61.5 76.5

R+I 3 69.7 73.1 68.1 74.2 60.9 77.5

BR-40

BR-O

BR+27

BR-40

BR-O

BR+27

BR-40

BR-O

BR+27

BR-40

BR-O

BR+27

BR-40

BR-O

BR+27

30 Min Extracellular Fluid (liters)

16.4 16.6 17.1 17.7 14.8

16.3 16.2 17.6 17.4 15.3

15.8 16.3 17.3 16.2 13.7

Extrapolated Extracellular Fluid (ECF) (liters)

14.0 14.0 14.8 14.8 12.5

14.1 13.8 14.8 15.1 13.5

13.7 13.9 15.0 14.4 11.5

Total BOdy Water (TBW) (liters)

45.6 48.4 46.3 48.1 40.8

45.5 47.7 46.7 48.5 40.6

45.9 47.0 46.8 50.9 41.0

Lean Body Mass (LBM) (Kg)

62.5 66.3 63.3 65.9 56.0

62.4 65.3 64.0 66.4 55.6

62.8 64.4 64.1 69.7 56.2

Lean Body Mass (% BW)

89.5 86.1 91.0 90.8 91.3

89.6 86.3 92.4 91.5 90.3

90.I 87.5 94.1 94.4 91.4

18.2

18.0

18.2

15.8

16.Z

16.0

49.3

49.1

49.0

67.5

67.3

67.1

91.2

89.9

87.7

6

64.2

63.8

64.3

64.7

64.5

66.0

64.6

65.0

64.5

14.0

13.2

13.4

12.0

11.3

11.6

40.7

40.5

40.6

55.8

65.5

55.6

86.8

87.0

85.5



DAY

BR-40

BR-O

BR+27

BR-40

BR-O

BR+27

MEAN

235

234

226

201

203

195

28 Day Bedrest Study

30 Min ECF (ml/kg)

l 2 3

216 246 244

214 254 240

2]6 250 22l

Extrapolated ECF (ml/kg)

182 2]3 204

182 214 208

184 217 197

Appendix - 5

4 5 6

241 246 218

248 24l 207

223 238 206

204 2]4 187

2]9 216 177

187 209 178

TBW (ml/kg)

BR-40 654 628 665 662 666 666 634

BR-O 654 630 675 668 659 656 635

BR+27 658 638 687 690 667 640 625

E.27 R



Appendix - 6 E.28

28 Day Bedrest Study

HEMATOLOGY DATA

59Fe Turnover

DATE MEAN 1 2 3 4 5 6

BR-40 0.46 0.39 0.72 0.41 0.55 0.38 0.29

R+27 0.42 0.47 0.61 0.34 0.35 0.39 0.36

Serum Iron

BR-40 84.2 77.6 107.4 72.6

R+27 95.6 97.2 I14.6 112.5

59FeT_ (min)

BR-40 96.7 89.6 77.0 79.2

R+27 97.6 78.2 79.9 131.6

59Fe % Reappearance

Pre 95 100 91 lO0

Post 103 104 I05 100

51
Cr Survival l_ in Days

Pre 23 23.5 2].0 22.0

Peripheral Hematocrit (Per Hct)

BR-40 .43 .445 .445 .445

BR-O .43 .435 .445 .440

BR+7

BR+I3 AM .45 .490 .480 .470

BR+13 PM .470 .440 .440

BR+I4AM .450 .460 .460

BR+I4 PM .440 .460 .430

BR+I5 AM .470 .475 .440

BR+15PM .470 .465 .420

BR+2I .45 .480 .500 .465

BR+27 .45 .470 .490 .455

R+13 .39 .390 .450 .400

73.6 84.7 89.0

86.1 81.9 81.2

72.0 109.4 153.1

109.6 88.7 97.3

96 93 9l

103 100 105

23.0 25.0 24.0

.420 .435 .410

.415 .430 .395

.450 .430 .430

.440 .425 .415

.430 .390 .400

.435 .370 .410

.415 .400 .410

.435 .395 .387

.440 .400 .370

.460 .415 .410

.460 .412 .400

.420 .350 .350
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28 DayBedrestStudy
HE_BTOLOGYDATA

Appendix - 7

Total Body Hematocrit (T.B. Hct)

DAY MEAN 1 2 3 4 5 6

BR-40 .39 .395 .406 .394 .377 .388 .367

BR-O .39 .393 .409 .392 .384 .388 .370

BR+I3 .41 .428 .438 .417 .400 .392 .385

BR+27 .41 .430 .447 .406 .422 .3/8 .365

R+13 .36 .351 .416 .355 .386 .315 .323

TB Hct to Per Hct Ratio

BR-40 .90 .89 .91 .88 .90 .89 .90

BR-O .91 .90 .92 .89 .92 .90 .94

BR+I3 .90 .87 .91 .89 .91 .92 .93

BR+27 .91 .91 .91 .89 .92 .92 .91

R+14 .91 .90 .92 .89 .92 .90 .92

Mean Peripheral Hematocrit

1975 1976

BR-40 .43

BR-21 .43

BR-O .43

BR+I3/14 .44 .45

BR+2I .45

BR+27 .45

R+13 .41 .39

R+48 .45
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INTRODUCTION: This bed rest study was designed to simulate many aspects

of the 28-day Skylab mission. For the Lower Body Negative Pressure (LBNP)

studies this included use of the Skylab LBNP protocol and Skylab equiva-

lent hardware. The objective was to assess alterations in subject

orthostatic responses to LBNP during the course of the hypodynamic

(bed rest) period when subjects continuously maintained the horizontal

position with respect to the long axis of their body. This provided

a ground based study for comparison of results with those from the

first manned Skylab mission.

In addition, a second objective sought to explore the potential

of using LBNP as a countermeasure to decreased orthostatic tolerance

consequent to prolonged exposure to hypodynamia. This was performed

by oral intake of isotonic saline to provide hypothesized substrate

in conjunction with the action of LBNP. Preliminary work by Hyatt (1)

had already shown promise of advantage from the combination of these

two procedures both by improved response to LBNP stress tests and by

augmented intravascular volume.

For the first objective, standard Skylab LBNP tests were performed

on each of the six crewmen several times before, during and after the

bed rest interval. The second objective employed a special 3-day cross

over procedure allowing each subject to be his own control with responses

to early morning standard LBNP tests being compared to similar afternoon

tests for assessing the efficacy of the countermeasures. Both tests
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flanked a 4-hour period of the designated treatment condition.

During this 3-day period about the middle of the 28-day bed rest

interval, each subject experienced in different order all three

therapeutic conditions.

METHODS: The Skylab Experiment MOg2 (Lower Body Negative Pressure)

was followed as exactly as feasible in terms of hardware employed,

protocol of test conditions, frequency and sequencing, level of

stress, and data reduction (2,3). Certain Skylab conditions and

circumstances, such as the physical and psychological stresses of

launch, the ambient atmosphere and sleep/wake/work cycles could not

be realistically incorporated into the bed rest study design.

All basic Skylab cardiovascular measurements were included

(heart rate, blood pressure, calf circumference, percentage change

in calf size, temperature and the vectorcardiogram) as well as

recordings of leg volume and systolic time intervals (STI) throughout

all phases of the study and the addition of arm circumference and

arm blood flow determinations.

Six normal, healthy, male subjects ranging in age from 27 to 36

years, volunteered for the study. For expediency, two groups of

three subjects each underwent identical _ut staggered by five

days) pre-, in-, and post bed rest periods of testing.

Five baseline tests on each subject were performed at 24, 20, 14,

7 and one days prior to beginning of bed rest. Due to uncontrollable

events following local flooding at the Houston medical center, early

in bed rest tests were preluded, the first occurring at II days and
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7 days of bed rest for the two groups, respectively.

For the question of countermeasures, the special 3-day cross over

study on bed rest days 13, 14, and 15 provided one of three treatment

conditions for each subject each day according to the following matrix:

Group

Subjects

I II Bed Rest Day 13 14 15

l 4 Saline + LBNP Saline

2 5 Saline Nothing

3 6 Nothing Saline

+ LBNP

Nothing

Saline
+ LBNP

Saline

Thus, each of the six subjects experienced all three treatment conditions

over the 3-day interval in varying sequences. The treatment condition

spanned 4 hours during which either (a) 1.60% of body weight in isotonic

saline (as beef bouillon) was ingested over the first 3 hours while

continuous LBNP was applied at -30mmHg for the full 4 hours; (b) the

same amount and rate of isotonic saline was ingested without concomitant

application of LBNP; or (c) the subject simply returned to bed rest

for 4 hours. Before and after each treatment condition standard LBNP

stress tests were performed; these became labelled respectively as

morning (AM) and afternoon (PM) tests.

Besides this special 3-day cross over study about the middle of the

28-day bed rest interval, all subjects were tested on recovery day

(R+O) by standard LBNP before and after a 4 hour therapeutic interval

employing only the combined saline and LBNP exactly as used at mid

bed rest. In all other test days only diagnostic LBNP tests were

performed.
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RESULTS:

A. Basic LBNP Studies

Heart rate, blood pressure, and leg volume changes at rest and

during the highest level of LBNP (-50mmHg) are summarized by means

for the 6-subject group in Table I. Thus HR both at rest and during

-50mmHg LBNP increased during bed rest and afterward. A gradual

return toward pre- bed rest values occurred over the first week

post bed rest. Systolic and diastolic blood pressure showed lesser

corresponding increases, with small changes in pulse pressure and

modest elevation in mean blood pressure. Percentage change in calf

size during LBNP was slightly increased during bed rest and a like

amount decreased afterwards. Total leg volume was only moderately

decreased during bed rest and barely altered afterwards.
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RESULTS:

A. Basic LBNP Studies - Appendix A tabulates all LBNP test data

except that of the vectorcardiograms by subject and test. Variables

I-II are one item, single value descriptors concerning each test time

and conditions, subject status and anthropometry. The remaining values

give individual, five-minute mean values for each of the five desig-

nated LBNP periods (the -30mmHg LBNP level includes -8mmHg and -16mmHg

periods). The Grand means with standard deviations from all six

subjects are also listed under each test date with respect to the

bed rest phase.

Heart rate, blood pressure, and leg volume changes at rest and

during the highest level of LBNP (-50mmHg) are summarized by means

for the 6-subject group in Table I. Thus HR both at rest and during

-50mmHg LBNP increased during bed rest and afterward. A gradual

return toward pre- bed rest values occurred over the first week

post bed rest. Systolic and diastolic blood pressure showed lesser

corresponding increases, with small changes in pulse pressure and

modest elevation in mean blood pressure. Percentage change in calf

size during LBNP was slightly increased during bed rest and a like

amount decreased afterwards. Total leg volume was only moderately

decreased during bed rest and barely altered afterwards.
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These summary data have not been subjected to statistical analysis

for significance, but overall responses are easily viewed and changes

are not comparable in magnitude to those observed in Skylab crewmen,

particularly for the leg volumes.

Table II presents cardiothoracic ratios from standard erect 6-foot

postero-anterior chest X-rays taken on BR -l and R+O. A definite

decrease in size of the cardiac silhouette is evident, but not

statistically significant. One pre- bed rest film was lost.

In order to analyze this mass of data for a more readily inter-

pretable presentation, selected measurements and test dates have

been tabulated in Appendix B. Heart rate; systolic, diastolic, mean,

and pulse pressures; percentage change in calf (leg) volume; arm

blood flow; and the pre-ejection period/left ventricular ejection

period ratio (PEP/LVET) are given in tables BI-B8. Results of one

pre- bed rest test (BR -l) are compared with those of the initial

recovery day (R+O) test, both before and after the saline + LBNP

treatment. This allows assessment of the effect of bed rest per

se and of the special countermeasure procedure.

Percentage change between the highest C-50n_nH_LBNP stress

values and control (supine resting) values were computed to

provide a normalized method of comparing all variables.

Grand (n+6) means of percentage change due to LBNP orthostatic

stress were then compared by Student's t-test for pre- and post

bed rest tests. Bed rest produced elevated percentage change in

heart rate from 22% to 52% (p <0.05). Saline and LBNP instituted as
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a countermeasure on recovery day (R+O) evoked a statistically signi-

ficant (p <0.05) reduction in the same measurement back to 26%; this

latter value is not different statistically from the pre- bed rest

datum.

Among all the other seven variables analyzed in this manner, the

only significant difference occurred between PEP/LVET ratios on

BR -l and R+O after countermeasure treatment (p< 0.02). The per-

centage change was greater for the latter test; that initially on

R+O (before treatment) was only modestly elevated (not significant).

Trends in the other measurements are similar to those of previous

reports (i.e., elevated systolic, diastolic, and mean blood pressures,

reduced pulse pressures and arm blood flow, and no evident pattern

for percentage change in calf volume on recovery day compared to

pre- bed rest).

No significant change in average weight occurred throughout the

whole study. Averaged maximal forearm and calf circumferences

showed absolute decrease after bed rest (P <0.020 and p <0.25,

respectively). But after the countermeasure therapy on R+O the

calf regained circumference approaching the pre- bed rest value

(no significant difference), while the arm remained at its recovery

morning decreased circumference value (Tables B9 - Bll).
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Averaged total leg volume [Table Bl2) decreased on R_O by an

average of only 173ml (NS). On the other hand, the effect of

saline and LBNP therapy on R+O was almost double that of bed rest

and opposite in direction, producing a 322mi increase in left leg

volume (p< O.OOl). This latter volume, though greater than the

pre- bed rest value, did not differ significantly from it.

B. Special Countermeasure Studies - The special countermeasure,

cross over study results can be considered from several points of

view, but one useful total perspective is a comparison of post

treatment versus pre-treatment responses to the highest level of

LBNP (-50mmHg) referenced(%A )to resting control values for the

corresponding test. Six-subject group means are given in Tables CI-

C7, and summarized in Table Ill.

Two basic comparisons are considered: (a) the before (AM) versus

after (PM) treatment response of each cardiovascular measurement

both at control rest and during the highest (-50mmHg) level of LBNP,

and (b) the orthostatic stress response (control rest versus -50mmHg

LBNP) both before (AM) and after (PM) treatment. In each case mean

values of all six subjects are used to calculate percentage change

from the designated reference. Finally, the sequential order of

treatment is examined for assessing the duration of evoked effect.

Resting supine heart rates showed no significant change due to

any treatment condition either during the bed rest phase or on

R+O. Orthostatically stressed heart rates were reduced If% and 18%,
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respectively, by saline and saline plus LBNP. In the same fashion

the orthostatic heart rate response remained virtually identical on

each morning of the therapeutic trials (around 50 + % more than the

resting rate) while saline reduced the stressed augmentation to 38%

and saline plus LBNP to 30% greater than resting rates. Saline plus

LBNP on R+O yielded only 26% increase, not statistically different

from that at 2 weeks of bed rest.

Blood pressure measurements in all forms showed much less percen-

tage changes with any treatment and no indicated trends. The same

held for percentage change in calf volume during LBNP but resting

total leg volume was greatly augmented by saline plus LBNP.

By virtue of an add-on saline therapy on bed rest day 16 for

Group II subject 183 (special Table of Appendix A), five of the

six subjects underwent saline plus LBNP treatment followed the next

day by saline alone (Tables C8 - Cl4 and Table IV). Again, using

percentage change in the orthostatic response (-50mmHg LBNP versus

control rest) as the indicator, the average of all five subjects

revealed significantly (p<0.05) decreased heart rate response after

saline + LBNP (53% to 24%). The morning response the next day,

however, was already elevated to pretreatment level (54%) while the

effect of saline alone that day reduced the response only to 43% (NS).

On the other hand, blood pressure responses were slightly less in

magnitude after saline + LBNP therapy than after saline therapy alone

the following day. This seems not logically interpretable in view of
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the fact that percentage change in calf size during LBNp was less

after saline + LBNP therapy, presenting a converse, if not incon-

sistent, picture. Total leg volume at rest, however, increased

only following saline + LBNP therapy. This augmented leg volume

had fully subsided by the next morning (<18 hours after treatment)

and did not recur after saline therapy alone.

It is clearly evident that both saline and LBNP have positive

countering effects to LBNP test responses produced by bed rest and

that their effects are additive. Optimal combination treatment

cannot be adduced however.

C. Correlations - The best overall cardiovascular indicator

of orthostatic response has proven to be heart rate. In a recent

summarization of space flight related test data (4), a significant

correlation of change in orthostatically stressed heart rate with

blood volume changes post flight has been shown (Figure l). The

same handling of these bed rest data is presented in Figure 2.

That a like correlation has not become evident from this study

may in part be due to the small number of subjects and to the fact

that blood volumes were performed one day removed from the corres-

ponding days of orthostatic testing.

Perhaps more meaningful physiologically, absolute blood volumes

corresponding in near time with heart rate response to LBNP stress

tests show excellent individual consistency as well as an acceptable

group pattern (Table V and Figure 3).
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No other interrelationships have been attempted in this analysis,

though the data as presented will allow nearly any manipulation

deemed suitable or potentially profitable.

SUMMARY:

A. This bed rest study, while unique in employing many aspects

of protocol, physiological measurements, and hardware identical

to an actual space mission (Skylab 2), has yielded essentially

nothing new in basic cardiovascular findings. The decrements in

orthostatic tolerance assessed by LBNP stress tests are in keeping

with observations and findings from other bed rest subjects and

from space crews. Of course, magnitudes vary between subjects and

among types of hypodynamic exposure.

B. Perhaps chief among magnitude variations are the modest leg

volume decrements ( < 5%) measured in these bed rest subjects compared

to the relatively large (>I0%) leg mass losses experienced by the

Skylab crews.

C. A thorough evaluation of oral intake of isotonic saline in

conjunction with LBNP as countermeasures to decreased post hypodynamic

orthostatic tolerance (previously propounded by Hyatt, et.al) has

yielded interesting and potentially useful results. The use of

saline plus LBNP or saline alone are salutary for the adverse responses

to LBNP stress testing after bed rest. The combined treatment

(saline plus LBNP) provides the greater effect, which is, however,

quite short-lived ( <18 hours), and primarily manifest by filling of
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leg interstitial tissue_ probably reduclng its attendant blood

pooling and consequences, In any case, the overa]] comp]ex seems

tied to absolute and/or effective blood volume operative in the

cardiovascular system,

The ultimate efficacy of this countermeasure w111 probab]y be

determined by resolving an optimal amount and time/rate of applying

these therapies, weighing these data with the potential gain

versus lost or compromised of crew time, and future Shuttle and

Space Station experience for assessing the operational need for

orthostatic countermeasures.
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APPENDIX A - contains all cardiovascular data from first levelof

analysis with explanatory, scheduling, and auxiliary
tables and notes, Basic data are reduced copies of
computer line printer outputs.

APPENDIX B - contains eight tables (BI-B8) of data from -50mmHg
LBNP versus control rest (except % A leg volume,B6)
for difference response to this stress testing for
days BR -l, R+O before and R+O after saline plus LBNP
countermeasure treatment; and four tables of unique
data (control) for each of those same designated
test times--by individual subject and group mean
with standard deviation and t-test values as

appropriate.

APPENDIX C - contains seven tables (CI-C7) of percentage changes
produced by the several countermeasure studies, both
for resting and LBNP stressed values and for ortho-
static (LBNP) stress response, as a function of
countermeasure employed; and seven tables (C8-C14)
of percentage changes produced by orthostatic (LBNP)
stress testing as a function of countermeasure employed

and sequence of application.

TABLE I Group mean (n=6) summary of LBNP cardiovascular
measurements by condition of test and phase of study.

TABLE II Cardiothoracic ratio data from pre- and post bed rest

chest X-rays for evaluating cardiac size.

TABLE III

TABLE IV

TABLE V

Group mean (n=6) percentage changes between orthostatically
stressed and rest measurements from the countermeasure
studies.

Group mean (n=5) percentage changes between orthostatically
stressed and at rest measurements from the countermeasure

studies as a function of sequence of treatment.

Percentage change in heart rate (-50mmHg LBNP versus rest)
and absolute associated blood volume on three discrete

days of the bed rest study (BR -I/O, BR +13, and R+O/BR +27)
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FIGURE 1 Percentage change in immediate post flight orthostatically

stressed heart rate (_from mean post flight reference
values) as a function of corresponding percentage change

in total blood volume measured by radioisotope dilution

methods--from U.So space crews (Reference

FIGURE 2 The same presentation of data from the six subjects

of this bed rest study as for Figure I.

FIGURE 3 Percentage augmentation of heart rate (by LBNP stress)
as a function of absolute blood volume (ml/Kg) for

three discrete dates of the bed rest study.
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CARDIOVASCULAR BED REST DATA VARIABLES

Variabl e Number

1
2
3

4
5
6
7
8

"9
_10
"_11
_.12

13
14
15
16

\ 17

18
19
20

_21
22
23
24

"_25

26
27
28

Variable Name Description Units

TIME
HRSE
HROS
HRSV
OTMP
CSBP
CDBP
WT
AClR
LCIR
LVOL
HR
SBP
DBP
MBP
PP
% LV
ATMP
CTMP
ABFR

STHR
Not used
Not used
Not used

PEPT

ETI
QS21 '
PEPI

Time of test (GMT) Hours
Hours since eating Hours
Hours of sleep Hours
Hours since venlpuncture Hours
Oral Temperature OF
Clinical Systolic BP mmHg
Clinical Diastolic BP mmHg
Body weight kg
Right arm circumference cm
Left leg circumference cm

Left Ieg volume cm"
Heart rate beats/rain

Systolic Blood Pressure rnmHg
Diastolic Blood Pressure mmHg
/V'w_anBlood Pressure mmHg
Pul se Pressure mmHg
% change in leg volume percent
Ambient(room) temperature OF
Chamber (LBNP) temperature OF
Arm Blood Flow Rate mt/lO0 ml tissue

minute
STI Heart rate beots/min

Pre-ejection period
Ejection Time units

Corrected * Ejection Time msec
Corrected_Q-S2 Period msec
Correcte_Pre-Ejection Period msec

*Corrected for heart rate-



F.50

NOTES:

•

.

.

.

.

.

Varlables 1-11 were recorded once per subject, per runJimmediately before

testing.

Variables 12-28 were recorded during LBNP for each LBNP level. Five levels

were used in the data anal ysis_control, -30 mmHg, -40 mmHg, -50 mmHg,

and recovery.

Variables 12-19 constitute the basic LBI'qP data. Variable 20 is from a separate

analysis of arm blo¢_d flow. Variables 21-28 are from a separate analysis of

Systolic Time Intervals.

Data in the o_'tached tables for variables 12-!9 at -30 mmHg are actually tl;_

averages from a 5-minute oerlod consisting of 1 minute at -8 mmHg, 1 minute

at -16 mn-,Hg, and 3 minutes at -30 mmHg.

Data for variables 20-28 at -30 mmHg are only from the 3 minute period at -30

mmHg.

Data for each of the other pressure levels is Ihe average from a flve-mlnute

period at that pressure level.
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BEDREST REPORT

Results:

I. Changes Observed During Bedrest

A. Supine Rest

Resting heart rates increased slightly during bedrest, although

a statistically significant (.paired t-test) increase in heart rate was

shown only on the 21st day of bedrest (P<.05). No changes in systolic

blood pressure (SBP), diastolic blood pressure (DBP), or in mean arterial

pressure (MAP) were noted during bedrest. Resting cardiac output (Q)

was statistically significantly elevated only on the 15th day of bedrest.

Total peripheral resistance (TPR) was unchanged during bedrest.

No significant change in resting oxygen consumption (V02) was

observed during bedrest. Tile carbon dioxide production changes observed

(+Vco 2 @ rest on Day 14 of bedrest and _Vco 2 @ rest on Day 27 of bedrest)

were minimal in magnitude and statistical significance (P<.05)o No

observed in minute ventilation (VE).changes were

B. 75W Exercise (Supine)

A statistically significant increase in heart rate was observed

only on the 21st day of bedrest. SBP was elevated on Day 7 of bedrest.

No changes in DBP or MAP were observed during bedrest. Exercise SV and

Q were statistically significantly elevated throughout bedrest. Total

peripheral resistance was significantly decreased during bedrest. This

apparently permitted increased Q without concomitant increases in blood

pressure.
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Exercise VCO2 was elevated on Day 27 of bedrest, which might

indicate decreased mechanical efficiency following 27 days of bedrest.

The gas exchange data on Day 14 seem slightly opposed to the general

trends in respiratory gas exc_nge. Since the gas exchange measurement

system was calibrated prior to each run, there is no justification for

excluding the Day 14 respiratory gas exchange data at this time.

C. Recovery Post 75W _upine)

A trend toward increased recovery heart rate was observed throughout

bedrest. Statistically significantly higher recovery heart rates were

observed on Days 14, 21 and 27 of bedrest. Minor changes were noted in

respiratory gas exchange during the recovery period.

II. Post-Bedrest Supine Examinations

A. Rest

Heart rate was statistically significantly elevated on R÷O (end

of bedrest), R+l and R+2. No significant changes were observed in SBP,

DBP or MAP. Resting cardiac output was unchanged post-bedrest. Resting

Vo2 2was slightly elevated on R+8. No changes were noted in resting

or in VE" There were no statistically significant alterations in SV or

Q, but TPR was statistically significantly decreased on R+I and R+2.

The most significant change was that of an elevated heart rate on R+O,

R+I and R+2.

B. 75W Exercise

Heart rate was statistically significantly elevated at all post-

bedrest tests. Peak exercise heart rate was observed on R+l. Essentially

no changes were observed in SBP, DBP or MAP. Cardiac output was
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statistically significantly elevated on R+O, R+I, R+2 and the R+8

examinations while stroke volume was statistically significantly

elevated only on R+2 and R+8. Total peripheral resistance was statisti-

cally significantly decreased on R+2 and R+8, which likely permitted

increased venous return and increased SV on those dates•

Exercise V02 was statistically significantly increased on R+O,

R+I, R+2 and through the R+8 exam. This is interpreted to represent

decreased mechanical efficiency because the workload remained at 75 watts

for all tests• Exercise VCO2 was elevated on R+O and remained, statisti-

cally significantly elevated through the R+2 exam. Exercise VE remained

stable throughout all phases of the bedrest study. The fact that VE

remained essentially unchanged while V02 increased (R+O through R+8)

implies slightly increased respiratory efficiency (VE/V02).

C. Post-Exercise Recovery

Recovery heart rates were statistically significantly elevated

during all post-bedrest tests, and were elevated on R+O, R+l
VO2 VCO2

and R+2. VE was unchanged. DBP and MAP values were statistically

significantly reduced on R+O, but these returned to pre-bedrest levels

by R+l. SBP was elevated only on R+l.

III. Upright Changes Noted Post-Bedrest

A. Rest

Resting heart rate was elevated (+33%) on R+O, and although it

decreased sharply by R+2, it remained elevated (+12%) through the final

test on R+18. SBP was statistically significantly elevated on R+l
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CP<.OI) although the mean difference was only 6 mmHg, and on R+2 (P<.05)

although the mean difference was only 7 mmHg. DBP and r_P were not

statistically significantly different post-bedrest relative to pre-bedrest.

Resting Q trended upward from R+O through R+2, but was not

statistically significantly different from pre-bedrest. SV was statis-

tically significantly decreased on R+O only (P<.05). TPR was unchanged

post-bedrest. Resting was statistically significantly elevated on
VO2

R+l although the actual increase was quite small (mean increase of

0.038 L/min}. There were no changes in resting VCO2 or VE"

B. 75W Exercise

Exercise heart rate response paralleled the resting heart rate

response. The mean R+O exercise heart rate was approximately +14% above

the pre-bedrest mean response.

SBP, DBP and MAP were unchanged post-bedrest. Q was statistically

significantly elevated on R+O through R+8, while SV was statistically

significantly decreased on R+O. SV then increased until it was

statistically significantly elevated on R+8 relative to pre-bedrest.

TPR was statistically significantly decreased on R+2 and R+8.

V02 and VCO2 were statistically significantly elevated on R+O

through R+8. This is attributed to reduced mechanical efficiency post-

bedrest. VE was elevated on R+O and R+l.

C. Recovery

t_eartrate on R+O was +47% above the pre-bedrest mean. In

general, recovery heart rate response paralleled both the resting and

exercise heart rates.
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IV. In-Bedrest Crossover Study

Table 1 summarizes the A% changes in parameters between morning

and afternoon exercise stress evaluations. Results are shown for rest,

75W exercise, and recovery periods. The "placebo" or no treatment

column essentially shows changes in the observed parameters due either

to the morning/afternoon circadian differences or due to the fatigue of

having repeated the LBNP/exercise test series for the second time that

day. The second and third columns under each test period show respec-

tively the results following saline treatment only, and then following

saline treatment plus 4hr LBNP at -30mmHg.

A. Rest

All gas exchange parameters and Q were reduced in the afternoon

test relative to the morning test without any treatment. This seems to

indicate a circadian difference.

The changes observed following saline treatment only were more

profound than those following saline and LBNP. This is likely due to

the fact that the LBNP exposure evokes extravasation of fluid and

results in a lower circulating blood volume than occurs if the same quantity

of saline is administered without LBNP.

The observation by the LBNP investigators that the combined saline

plus LBNP treatment had a more positive carry-over effect to the follow-

ing day (with respect to LBNP responses) may be explained by the assumed

reabsorption of extravasated fluid via the lymph and return of that fluid

to the circulating blood volume.
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B. 75W Exercise

No ready explanation exists for the reductions in gas exchange

except to recall tI_t they may represent the apparent circadian shift

noticed with the no treatment group. The differences between the two

types of treatments and no treatment are not understood by us, if in

fact they are even significant• Blood pressure was observed to be

reduced more following saline than following saline and LBNP, presumably

because the circulating blood volume was greater in the first case

relative to that in the second case.

It appears that Q and SV are significantly reduced both at rest

and at 75W exercise following both saline and saline plus LBNP treat-

ments•

V. Effect of Saline and 4HR LBNP (-30 mmHg) on R+O

Table 2 summarizes the general observations made in both supine

and upright testing during the afternoon of R+O following saline and

4hr LBNP (-30 mmHg).

A. Supine

Basically, we observed reduced heart rates and blood pressures

both at rest and during 75W exercise relative to the a.m. pretreatment

exam. TPR was reduced, while SV and Q were somewhat increased. Respira-

tory gas exchange (V02, VCO2, and VE) was unchanged.

B. Erect

Heart rate was decreased while blood pressure was not appreciably

changed. Both Q and SV were elevated while TPR was decreased both at

rest and during 75W exercise• Respiratory gas exchange was unchanged•



TABLE2.
EFFECT OF SALINE + 4hr LBNP on R+O

SUPINE:

+HR C-5 BPM @ rest; no A@Ex; -3 BPM @ REC)

+SBP C-5% @ rest and Ex)

+DBP C-16% @ 75w and rest)

_MAP C-14% @ rest and -ll% @ 75w)

+QC5% @ rest and 75w)

+SV {15% @ rest 5% @ 75w)

_TPR {-23% @ rest and -14% @ 75w)

V02, VCO2, and VE unchanged

ERECT:

NOA
SLIGHT+

SLIGHT+

+÷ FIR C-13 BPM @ rest; -9 BPM @ 75w; -13 BPM @ REC)

SBP
DBP
MAP

+ Q (_16%) Rest and Ex

+ SV C_27%) Rest and Ex about the same

TPR C_-I0%) Rest and Ex about the same

_#02,_}CO2, and VE unchanged
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Vl. Transient Response Analysis of Respiratory Parameters

During the 28 day bedrest study, six subjects were tested in

both the supine and upright positions on the bicycle ergometer pre-

and post-bedrest and in the supine position during bedrest. Exercise

testing provided a technique for an evaluation of exercise tolerance

under conditions of minimal or normal gravitational stress. The time

course of chang_ in cardio-respiratory parameters may be correlated with

other indicators of physiologic function such as blood volume, ortho-

stalic tolerance, hormonal changes and electrolyte balance.

One research objective in physiology is to quantitatively

describe system responses to a variety of stimuli. The use of exercise

stress tests to evaluate the physiological effects of bedrest or space-

flight on cardiovascular status has primarily depended upon the

evaluation of change in steady-state changes in heart rate, cardiac

output, stroke volume, TPR, minute ventilation, respiratory quotient

and blood pressure. Recently, many investigators have been analyzing

the time course of the response of heart rate and ventilation during

step changes in work rate. This study assumed a single time constant

model to describe the dynamic changes in cardio-respiratory parameters

and noted the effect of bedrest on this response.

Data from three of the exercise tests conducted before bedrest

(BR-14, -7 and -l) were used to establish baseline conditions for each

subject. On days 7, II, 13, 14, 15, 21 and 27 of bedrest, supine

exercise stress tests were performed for comparison with baseline

values. Post bedrest exercise tests were obtained on days BR+O, BR+I,

BR+2, BR+7, BR+8 and BR+17,19.
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In order to evaluate the time course of changes in V02, VC02, VE

and heart rate (BR), gas analysis and volume measurement data were

sampled and stored on a per breath basis. HR data were store6 at five

second intervals• A parameter identification scheme, based on the works

of Powell (5) and Zangwill C6) was programmed on the Univac If08 to

optimize the estimation of steady state values, no-load pedaling values,

and the time constant, TAU. These values were computed for ,
VO2 VC02'

VEand HR for each 75 watt step change in work rate. TAU is obtained by

assuming a response of the form:

(I) P{t) = P no load pedaling + {P steady-state " P no load pedaling) e

Fig. (25) indicates the form of the response, where P(t) is the time course

of the cardio-respiratory parameter response to the step change in work

rate.

A paired t test was used to determine statistically significant

changes during and after bedrest in the steady-state values, no load

• " VE
pedaling values, and TAU's for the variables V02, VC02, and HR.

Group means with variances and results of the statistical analysis are

given in Appendix B.

This section summarizes _results of the analysis of the transient

response of respiratory parameters obtained as a part of exercise stress

tests conducted during the 28 day bedrest study•

A. Changes observed during bedrest

I. Supine no load pedaling values

No change from pre-bedrest values

-t/TAU
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Bm

2. Supine exercise (75 watts) steady state values

Exercise Vco2Was significantly increased on days 7

and II of bedrest. HR was elevated on day 14. On

days 21 and 27 of bedrest HR, VCO2 and VE were

significantly increased.

3. Supine exercise time constant (TAU) of response to

on-set of work rate

TAU's for V02 and VCO 2 were significantly increased

on days 21 and 27 of bedrest.

Changes observed during post-bedrest exercise stress tests

I. No load pedaling values

(a) Supine ergometry: HR was significantly increased

i

on R+O, R+l and R+2. On days R+7,8, VCO 2 was

significantly elevated.

(b) Upright ergometry: HR was significantly increased

R+O, R+l and R+2. On R+2, V02 was significantly

elevated•

• Steady state values during exercise

(a) Supine ergometry: HR was significantly increased

R+O, R+l, R+2 and R+I7,19. Vco 2 was elevated R+O, R+l, R+2

and R+7,8. V02 was increased R+l and VE was significantly

increased R+2.

(b) Upright ergometry: HR was significantly increased

R+O, R+l, R+2 and R+17,1g. VE was increased R+O and R+l,

and V02 was elevated significantly R+l.



D Time constant

(a) Supine ergometry:

(b) Upright ergometry:

increased R+O and R+I.

GJO.

No significant changes in TAU

TAU for HR was significantly

During the first two weeks of bedrest changes were minor.

However, by days 21 and 27 all steady state values and time constants

were above pre-bedrest values. There is a definite indication of

changes in the ability to respond to exercise stress. There may be

changes in mechanical efficiency or muscular ability to do work.

Immediately after bedrest the supine exercise time constants of most

subjects were near pre-bedrest values. However some subjects had

increased time constants through R+7, 8. During upright exercise the

time constants of all subjects for HR were elevated R+O and R+I. Steady

state values for HR, VCO2, V02 and VE were elevated during some or all

of the post-bedrest tests on R+O, R+I and R+2. HR was significantly

increased on R+17, 19. These data are consistent with other findings

that bedrest significantly affects the ability to perform exercise in

the upright position and that some of the parameters measured are not

at pre-bedrest levels by R+17, 19.
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Discussion:

I. Analysis of results from the current 28-d bedrest study and

those obtained from the JSC/Methodist Hospital 14-d bedrest study

conducted in 1975.

There were major differences between these two studies besides

the durations. Cycle ergometry was performed only pre- and post-bedrest

in the 1975 study; furthermore, only upright ergometry testing was

utilized. The standard Skylab protocol (I) was utilized although the

work levels did not truly represent 25%, 50% and 75% maximum aerobic

capacity for each crewman. The work levels chosen were sufficient to

evoke a group mean heart rate of 159 beats/minute at the 75% maximum

level. No exercise was performed during the course of the 14-d bedrest.

The 75% maximum work level was I00 to 125 watts. In the current

study all subjects exercised at 75 watts. It is interesting to note

that all parameters (heart rate, SBP, DBP, MAP and SV) returned to

normal by R+I both at rest and during the exercise in the 14-d study.

These results (Table 3) are quite different from those of the current

study. It appears that 14 days of bedrest is not nearly so severe a

stress as 28 days of bedrest.

II. Comparison of Apollo post flight studies with results from the

28-d bedrest study.

A direct comparison of exercise data between these two studies

is extremely difficult because the Apollo tests utilized a heart rate
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control protocol vs. the constant work protocol of the 28-d bedrest study•

The Apollo studies _2, 3) show that resting heart rate and VE were

elevated on R+O while VE and RER were elevated on R+I. V02, VCO2, SBP

and DBP were unchanged• Oxygen pulse was decreased on R+O but normal

by R+I.

SBP and DBP were reduced on R+O during Apollo exercise tests,

but these parameters returned to normal levels by R+I. In contrast, no

changes in blood pressures were noted post-bedrest.

Cardiac output (Q) was 30% decreased during Apollo exercise studies

on R+O but normal on R+I. Following bedrest, Q was statistically sig-

nificantly elevated through R+8.

In summary, bedrest does not appear to be a good analog of

Apollo if the bedrest duration exceeds 14 days.

III. Comparison of results from 28-d bedrest Study with Skylab

Postflight Studies•

A. Skylab 2 (28-d orbital flight)

Post-Skylab heart rate responses both at rest and during exercise

were similar to the heart rate response seen following bedrest. V02

and VCO2 remained constant at all exercise levels inflight and post-

flight. This is in contrast to the finding post-bedrest where elevated

exercise V02 implied decreased mechanical efficiency. No significant

trends in SBP were noted inflight or post-flight in the Skylab crewmen.

This finding was similar to that observed in our 28-d bedrest study.

DBP trended down in flight but was elevated immediately post flight.
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TheSk,ylabastronauts exhibited an approximate30%Qdecrease

coupledwith an approximate50%decreasein SV. As noted earlier, we

observedan increased Qduring the first weekpost-bedrest.

B. Skylab 4 C84-dorbital flight) - Consideration of upright

and supine ergometryperformedin_ediately post flight.

A disclaimer is required to the effect that there should not be

any rigorous comparison between the 84-d Skylab Mission and the 28-d

bedrest study. The differences in duration and physical activity levels

preclude any such comparison. However, it is of interest to evaluate

the post flight supine/upright ergometry studies with the supine/upright

exercise testing immediately post 28-d bedrest.

I. Upright ergometry post flight vs. post bedrest.

Heart rate remained elevated through R+18 post-bedrest

whereas it was not statistically significantly elevated post flight on

R+O,but it was elevated on R+l. MAP was elevated post flight only on

R+O; no elevation in MAP was observed post-bedrest. Post-flight,we

observed decreased SV and Q with increased TPR on R+O. SV remained

decreased on R+l but this was compensated for by tachycardia to

maintain Q at preflight levels. Post-bedrest we observed decreased SV

on R+O which increased until it was elevated above pre-bedrest levels

on R+8. SV returned to pre-bedrest levels by R+18. Q was elevated R+O

through R+8 post-bedrest. TPR was significantly reduced on R+2 and

R+8 post-bedrest. Therefore, the results of measurements made upright

at comparable work levels post-spaceflight and post-bedrest were not

similar.
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2. Supine ergometry post-flight vs. post-bedrest.

Heart rate was elevated only on R+l post-flight, whereas it

was elevated at all post-bedrest tests through R+18. MAP was elevated

both on R+O and R+l post-flight; no change in MAP was observed post-

bedrest. Postflight SV was decreased, TPR was increased and tachycardia

maintained Q within preflight limits on R+O. Post-bedrest, SV was

normal on R+O and R+l but elevated on R+2 and R+8. Q was elevated on

R+O, R+l, R+2 and R+8; TPR was decreased on R+2 and R+8. Exercise

and were elevated post-bedrest whereas they were unchanged post
VO2 VCQ 2

spaceflight. In summary, the magnitude of response, the time course of

the return to normal and the parameters affected are different following

these two study conditions. Bedrest does not appear to be a good

analog for studies of spaceflight, at least with respect to the physio-

logical para_.letersmeasured in the studies compared in this report•

A comparison of trends in cardiovascular parameters during moderate

exercise following bedrest and spaceflight is shown in Table 4.
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.._ APPENDIX A

STATISTICAL EVALUATION OF BEDREST EXERCISE TESTING

TABLE A-I

TABLE A-2

TABLE A-3

TABLE A-4

TABLE A-5

TABLE A-6

TABLE A-7

TABLE A-8

TABLE A-9

MEASUREMENTS MADE DURING BEDREST PRIOR TO SUPINE EXERCISE.
GROUP MEAN RESPONSE WAS TESTED FOR STATISTICAL SIGNIFICANCE
RELATIVE TO PRE-BEDREST GROUP MEAN RESPONSE USING THE PAIRED
T-TEST.

MEASUREMENTS MADE DURING 75W SUPINE CYCLE ERGOMETRY IN
BEDREST. GROUP MEAN RESPONSE WAS TESTED FOR STATISTICAL
SIGNIFICANCE RELATIVE TO PRE-BEDREST GROUP MEAN RESPONSE
TO 75W EXERCISE.

THE RECOVERY PERIOD MEASUREMENTS MADE IN BEDREST AND TESTED
FOR STATISTICALLY SIGNIFICANT DIFFERENCES RELATIVE TO PRE-
BEDREST GROUP MEAN RESPONSES.

POST-BEDREST MEASUREMENTS MADE IN THE SUPINE REST PERIOD WERE
TESTED FOR STATISTICALLY SIGNIFICANT DIFFERENCES FROM PRE-
BEDREST GROUP MEAN RESPONSES.

TEST FOR STATISTICALLY SIGNIFICANT DIFFERENCES IN SUPINE
75W EXERCISE RESPONSE, POST-BEDREST RELATIVE TO PRE-
BEDREST.

STATISTICAL ANALYSIS OF POST-BEDREST SUPINE RECOVERY DATA
WHEN COMPARED TO PRE-BEDREST RECOVERY PERIOD DATA.

STATISTICAL ANALYSIS OF UPRIGHT REST PERIOD MEASUREMENTS
MADE FOLLOWING 28d OF BEDREST.

STATISTICAL ANALYSIS OF UPRIGHT 75W EXERCISE DATA OBTAINED
POST 28d BEDREST.

STATISTICAL ANALYSIS OF UPRIGHT RECOVERY PERIOD DATA OBTAINED
FOLLOWING 28d BEDREST.





TABLE A-I
SUPINE REST

PARAMETER

HR

Group
20nl y
BR+7

Group
1 Only
BR+I 1

Both Groups 1 & 2

BR+I 3 BR+I4 BR+| 5 BR+21

n= 3 3 6 6 6 6
t= 1.40 -0.78 -0.27 -0.28 -0.28 -2.96
P= <.05

Group1 Only
BR+27

3
0.56

VO2

n= 3 3 6 5 3 6 3
t = -0.52 3.00 1.03 2.01 -0.44 0.97 -0.40
p=

VCO2

n z

t =
p=

3
0.76

6 5
0.97 2.17

<.05

3 6
0.98 1.49

3
-2.97

<.05

VE

n= 3 3 6 5 6 6 3
t = 1.25 -0.09 0.74 0.94 1.55 0.26 -0.40
p=

RR
n= 3 3 6 6 6 6 3
t= 1.91 0.27 1.60 1.77 1.36 1.76 0.86
p=

SBP
n= 3 3 6 6 6 6 3
t = -0.82 -0.04 I.I0 0.57 0.64 1.26 0.91
p=

DBP
n= 3 3 6 6 6 6 3
t = -1.42 -0.06 0.39 0.05 -0,72 -0.50 -0.75
p=

MAP
n= 3 3 6 6 6 6 3
t= -1.63 -1.30 0.68 0.27 -0.24 0.15 -0.08
p=

n _

t=
p=

3
-I .45

4 4
-I ,49 -0.24

3 3
-3.33 -I .08

<.05

SV
n _

t =
p=

6 4 3 3
-I .21 -0.14 -I .72 -0.43

TPR
n _

t =
p=

3
1.64

4 4 3 3
1.73 0.84 3.28 1.27

A-V02

n=

t=
p=

3
1.33

4 4 3 3
1.94 1.05 1.75 2



TABLE A-2
SUPINE EXERCISE

PARAMETER

HR
n z

t=
pa

rGroup
2 Only
BR+7

3
0.40

Group

l Only
BR+Il BR+I3

Both Groups l & 2 .IGroup

"I1 Only
BR+I4 BR+I5 BR+21 BR+27

3
O.58

6
-0.78

6
-I.35

6 6
O.Ol -4.91

<.005

VO2
t-
p=

3
-2.09

3
-3.39
<.05

6
-0.85

5
4.12
<.01

3 6
-2.12 0.63

3
-5.05
<.05

VC02

n Z

t-
p_

3
-I.97

6
-I.57

5 3 6 3

3.05 -I.25 -0.I0 -6<.854

_E
n= 3 3 6 5 6 6 3
t" -0.43 1.15 -0.08 -0.91 0.52 -0.92 -0.80
p-

RR

SBP

DBP

n-- 3 3 6 5 6 6 3
t= -0.41 -1.69 1.41 0.64 2.53 l.S7 2.18
p,

n= 3 3 6 6 6 6 3
t- -3.91 0.02 -0.93 -O.lO -l.17 -0.20 -0.19
P-- <.05

n= 3 3 6 6 6 6 3
t= -2.19 -0.27 -1.08 0.41 0.63 -0.36 -0.71
p=

MAP
n- 3 3 6 6 6 6 3
t- -2.76 -0.21 -l.15 0.81 0.28 -0.30 -0.45
p=

n._

t=
p_-

3
-5.88
<.05

6 5 2 5
-5.3 -9.99 -5.31 -3.13
<.005 <.005 <.05

2
-4.47

SV
n z

t-
p-

3
-4.36
<.05

6 5 2 5 2
-4.34 -3.58 -2.76 -2.10 -8.48
<.005 <.05 <.05

TPR
n _

t _
p_

3
5.01
<.05

6 5 2 5
4.09 6.52 7.73 1.73
<.005 <.005 <.05

2
2.26

A'V02

n= 3
t= 2.15
P=

6

6.66
<.005

5
13.2

<.005

2 5

5.0 2.47
2

15.8

<.05



TABLE A-3
SUPINE RECOVERY

PARAMETER

HR
n=

t=
p=

Group
20nl y
BR+7

Group
1 Only
BR+I 1

Both Groups 1 & 2

BR+I 3 BR+I4 BR+I 5 BR+21

q GroupI Only
BR+27

6 6 6 3
-2.27t -1.45 -3.98 -4.38

, <.05 <.005 <.05

Vo2

n _

t =
p=

3
-I .78

4 3
4.12 -I .60
<.05

VC02

n-_

t=
p=

3
-5.02
<.05

6
0.12

5 3
5.02 -0.04

<.005

6
0.99

3
3.62
< .05

VE

n= 3 3 6 5 6 6 3
t= 0.60 0.09 0.70 0.04 1.21 -0.89 0.29
p=

RR
n= 3 3 6 6 6 6 3
t= 0.87 -0.31 0.57 0.95 1.57 0.88 1.78
p=

SBP
n=

t:
p=

3
-3.83

<.05

6 6 6 6 3
-3.29 -1.73 -I ,58 -1.80 -0.34
<.05

DBP
n= 3 3 6 6 6 6 3
t = -1.47 -0.29 -0.74 0.41 -0.20 -1.66 -0.27
p=

MAP
n= 3 3 6 6 6 6 3
t= -1.62 -0.29 -1.62 -1.09 -I .57 -1.90 -0.86

n z

t=
p=

SV
n _

t =
p=

TPR
n _

t =
p=

A-V02

n _

t =
p=



TABLE A-4
SUPINE REST

PARAMETER

HR
n=

t=
p=

R+O

6
-8.99
<.005

R+I R+2 R+8 R+I8

6

-3.26
<.05

6
-4.3
<.005

6

-0.67
6

-2.0

VO2

n._

t=
p=

6
-2.18

,

-2.34
6

-2.93
<.05

6
-O.ll

VC02

n _

t=
p=

6
-I.06

6
0.27

6
1.77

VE

n=

t=
p=

6
0.12

6
0.02 0.77

6
].30

RR
n._

t=
p=

6

l.25
6
1.35

,

1.86
6
3.90
<.01

6
2.58

SBP
n-_

t=
p=

6
O.Ol

6
1.51

6
" 1.27

DBP
n _-

t=
P=

6
-I.77

6
0.41

6
-0.I_,

6
0.84

MAP
n z

t=
p=

0.14
6
0.37

6
1.24

6
0.02

n=

t-
p-

5
-1.50

6

-1.28
5

-1 .g2
5
0.30

4
0.76

SV
n s

t=
p=

6
0.03

6

-0.56
5
O.58

5
0.15

4
l.04

TPR
n _

t=
p=

6
0.I.8

6
2,54
<.05

5
3.86
<.01

5
0.48

A'V02

n m

t_
p=

6

0.15
6
1.29

5
-2.18

<.05

5
-I .73

4
-I.16



TABLE A-5
SUPINE EXERCISE

PARAMETER R+O R+I R+2 R+8 R+I 8

HR

Vo2

VC02

VE

RR

SBP

DBP

MAP

SV

TPR

A-V02

n= 6 6 6 6 6
t = -5.53 -13,05 -10.61 -2.35 -5.03
P= <.005 <.005 <.005 <.05 <.005

n= 6 6 6 6
t= -5.26 -5.70 -14.11 -2.96
P= <.005 <.005 <,005 <.05

6
0.26

n= 6 6 6
t= -4.23 -8.85 -4.85
P= <.005 <.005 <.005

6
1.01

n= 6 6 6 6 6
t = -0.65 -1.5 -1.49 1.79 0.17
p=

n= 6 6 6 6 6
t = 2.48 6,5 1.18 3.11 3.70
P= <.05 <,005 <.05 <.01

n= 6 6 6 6 6
t= -0.36 -0.70 1.22 1.53 -0.57
p=

n= 6 6 6 6 6
t= -1.21 -0,30 0,72 0.58 -0.17
p_-

n= 6 6 6 6 6
t = -0.85 0,35 1.02 1.33 0.76
p=

n= 6 6 6 6
t= -2.11 -2.54 -7.08 -2.20
P= <.05 <.05 <,005 <.05

4
0.12

n _

t=
p=

6
-0.84

6 6 6
-0.90 -3.94 -2,25

<.005 <.05

4

1.17

n z

t=
p=

6
O. 68

6 6 6
1.90 3.31 3.09

<.05 <.05

4
0.49

n= 6 6 6 6 4
t = -0.43 0.04 _ -0.42 1.33 -0.42
p=



TABLE A-6
SUPINE RECOVERy

PARAMETER R+O R+l R+2 R+8 R+l8

HR t=
p=

6
-5.79
<.005

6
-7.38
<.005

6
-9.89

<.005

6
-2.14

<.05

6
-3.65
<.0]

Vo2

n Z

t=
p=

6

-2.42
<.05

6
-4.64
<,005

,

-4.58
<.005

6
-].59

6
0.40

VC02

n Z

t-"
p=

6
-2.59
<.05

6
-2.98
<.05

-3.36
<.05

6
-0.91

6
l.71

VE

n _-

t=
p=

6

0.93
6
-0.52

6
0.06

6
0.46

6
1.18

RR t=
p=

6
-0.17

6
-0.08

+

0.74
6
l.23

6
1.34

SBP

n _

t_
p=

6
-2.97
<.05

6
0.37

6
"-1.13

6
-I.44

DBP
n _

t=
p-

6
-2.13
<.05

6
0.74

6
o.6_

6
-0.15

MAP
n-_

t=
p=

6
-2.O3
<.05

6
-0.30

6
-I.39

n Z

t=
P=

SV
n _

t=
p=

TPR
n._

t=
p=

A'V02

n z

t=
P=

+



PARAMETER

HR

Vo2

VCO2

VE

RR

SBP

DBP

MAP

Q

SV

TPR

A-V02

TABLE A-7

UPRIGHT REST

R+O R+I R+2 R+8 R+I 8

n--

t:

p=

6
-I 1.58
<. 005

6
-6.66
<.005

6
-20,2
<. 005

6
-2.11
<.05

6
-2.43
<.05

n=

t=
p:

6
-I .67

6
-2.50
<.05

6
-I .48

6
0.46

n =

t=
p=

6
-0.07

6
-0.88

6
O. 58

6
1.44

n-_

t =
p=

6

0.99

6
O,46

6
0.83

6
I. 48

6
1.54

n =

t =
p:

6

0.62

5
0.94

,

2.03
<.05

6
2.09
<.05

n =

t=
p=

6
-3.98

< .01

6
2,46
<.05

6
-1.0

n =

t =
p=

6
0,60

6
0.16

6
O. 67

6
0.02

n _

t=
p=

6
-I .93

6
0.64

6
0.18

6
-0.56

n =

t=
p=

4
0.67

n =

t=
p=

6
2,63
<.05

6
O. 54

4
0,95

n =

t=
p=

6
1.34

5
0.87

4
0.27

n =

t=
p=

5
0.41

4
-0.54



TABLE A-8
UPRIGHT EXERCISE

PARAMETER R+O R+I R+2 R+8 R+I8

HR
n= 6 6 6 6 6
t= -4.61 -8.58 -8.98 -3.55 -4.05
P= <.005 <.005 <.005 <.01 <.005

VO2

n= 6 6 6
t= -4.76 -9.69 -12.27
P: <.005 <.005 <.005

6
-4.77
<.005

6
0.51

VC02

n= 6 6 6 6
t: -5.90 -48.08 -8.77 -5.36
P= <.005 <.005 <.005 <.005

6

-0.30

VE

n= 6 6 6
t: -2.40 -2.33 -1.64

P= <.05 <.05

6
-l.04

RR
n-_

t=
p=

6
1.04

5 6, 6
3.03 O.38 2.63
<.05 <.05

6
1.59

SBP

n= 6 6 6 6 6
t= -1.40 -1.25 " -0.36 "-0.63 -0.54

p=

DBP

n= 6 6 6 6 6
t= -0.26 0.31 0.61 0.46 -0.54
p=

MAP
n= 6 6 6 6 6
t: -0.68 -0.53 0.41 0.22 -0.96
p=

n= 6 6 6 5
t= -3.06 -4.20 -3.78 -5.49
P= <.05 <.005 <.Ol <.005

SV

n _

t=
p=

6

3.33
<.05

6 6

0.36 -1.15

5

-2.27
<.05

4

0.95

TPR
n Z

t =
p=

6
0.54

6 6 5
I.67 3.57 4.82

<.01 <.005

A'V02

n= 6
t: -I.47
p=

6 6 5
-I.01 2.12 2.82

<.05 <.05

4
O.60



TABLE A-9
UPRIGHT RECOVERy

PARAMETER R+O R+I R+2 R+8 R+I8

HR

VO2

VCO2

VE

RR

SBP

DBP

MAP

Q

SV

TPR

A-V02

n= 6 6 6 6 6
t= -9.44 -8.8] -18.13 -3.07 -2.24
P= <.005 <.005 <.005 <.05 <.05

n= 6 6 6 6
t= -2.75 -3,17 -3.21 -2.48
P= <.05 <.05 <.05 <.05

6
0.I0

n= 6 6 6
t= -2.64 -3.21 -2.73
P= <.05 <.05 <.05

6
1.30

n= 6 6 6 6 6
t = 0.03 0.52 0.35 1.92 1.29
p=

n-_

t =
p=

6
1.11

5 6 6
2.22 0.76 2.16
<.05 <.05

6
1.62

n= 6 6 6 6
t= -3.03 -2.11 -1.77 -2
p= <.05 <.05 <

.51

.05

6
-2.37

<.05

n z

t--
p=

6
-2.33
<.05

6 6 6
-0.50 -0.08 -0 .38

n _

t=
p=

6
-2.70

<.05

6 6 6 6
-I .II -0.69 -1.71 -I .57

n _

t=
p=

n=

t=
p=

n _

t =
p=

n=

t =
p=





APPENDIX B

Figure I.

Figure 2.

Figure 3.

Fiture 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure lO.

Figure Il.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Supine Resting Heart Rate +_SEM

Heart Rate - 75W Supine +_SEM

Supine Recovery Heart Rate +SEM

Stroke Volume CML/Beat) 75Watts & Rest-Supine

Cardiac Output Supine Rest & 75W Exercises

Total Peripheral Resistance - Rest & 75Watts Supine

SBP Rest & 75W Supine

DBP Rest & 75W Supine

Mean Arterial Pressure (mmHg) Supine

Oxygen Consumption - Rest, 75 Watts & Recovery

Carbon Dioxide Production - Rest, 75 Watts & Recovery

Minute Ventilation - Supine

Heart Rate - Upright Rest

Heart Rate - 75 Watts Upright

Heart Rate - Upright Recovery

Stroke Volume - Upright Rest & 75 Watts

Cardiac Output - Upright Rest & 75 Watts

Total Peripheral Resistance - Rest & 75 Watts upright

SBP Rest & 75 W Upright

DBP Rest & 75W Upright

Mean Arterial Pressure (mmHg) Upright Rest & 75W

Oxygen Consumption - Upright Rest, 75 Watts & Recovery

Carbon Dioxide Production - Upright Rest, 75 Watts

& Recovery

Minute Ventilation - Upright

Response of the Transient Analysis Model to a Stop

Change in Work Rate
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FIGURE 25

Parameter Steady state value

Value During No Load

Pedaling time constant in minutes)

0 5min.

time

10rain.

Parameters Units

HR beats/min

VO 2 liters/min

VCO 2 liters/min

VE liter/min





APPENDIX C

RESULTS FROM TRANSIENT ANALYSIS OF RESPIRATORY VARIABLES

TABLE C-I

TABLE C-2

TABLE C-3

TABLE C-4

TABLE C-5

GROUP MEAN RESPONSE TO SUPINE 75W EXERCISE DURING THE

BEDREST STUDY

IN BEDREST GROUP MEAN RESPONSE TESTED FOR STATISTICAL

SIGNIFICANCE RELATIVE TO PRE-BEDREST GROUP MEaN RESPONSE

TO SUPINE 75W EXERCISE.

POST-BEDREST GROUP MEAN RESPONSE TESTED FOR STATISTICAL

SIGNIFIC,_NCE RELATIVE TO PRE-BEDREST GROUP MEAN RESPONSE TO

SUPINE 75W EXERCISE

GROUP MEAN RESPONSE TO UPRIGHT 75W EXERCISE DURING THE

BEDREST STUDY.

POST BEDREST GROUP MF_N RESPONSE TESTED FOR STATISTICAL

SIGNIFICANCE RELATIVE TO PRE-BEDREST GROUP MF_AN RESPONSE

TO UPRIGHT 75W EXERCISE.





TABLE C-I

SUPINE EXERCISE

PARAMETER Pre-br br+7, II br*13 br*14 br+15 br*21,27

TAU

mean .658 .587 .879 .761 .417 I.627

HR S.D. ± .300 i .228 +-.540 *_.260 ±.095 _-2.069

J

VO 2 mean .689 .741 .814 .574 .665 1.142
S.D. z .195 +-.120 __.331 A.328 ±.041 __.467

VC02 mean 1.198 1.655 1.243 1.192 1.256 2.287
S.D. _ .315 ± .482 ± .305 _+.379 ± .261 _+.952

mean 1.239 1.393 1.673 1.654 1.392 2.939VE
S.D. _.138 A.024 Z.617 -_1.314 _ .627 *-2.057

Steady State Value

HR mean 98.8 94.5 i01.0 107.0 i00.7 106.2
S.D. _4.1 _ .8 __9.8 ! 2.1 z8.1 ! 6.8

._'TO2 mean I.170 i. 169 I.088 i. 134 i.293
S.D. J "088 -+.145 d. 025 ! •054 -*.187

mean i. 050 1.433 I. 016 i.038 I.072 i. 445
_T.C02S.D. r..069 • .183 _.227 +.432 _.186 _+.260

mean 29.5 31.5 29.8 30.9 29.7 35.6VE
S.D. -_1.3 -+2.5 -+3.6 _3.7 __5.8 __4.6

_Value During No Load Pedaling

HR mean 79.5 75.1 78.2 83.3 75.4 86.9
S.D. 17.9 ±3.8 t4.5 ±8.3 __8.0 Y8.6

mean •353 .230 .296 •303 .231 •369
V02 S.D. ± .074 ±.234 -'.160 _-.010 4.030 _*.181

VCO2 mean .259 .257 .257 .245 .183 .337
S.D. __.068 _.125 f. llO __.131 #.048 _ .143

VE mean 8.2 8.1 7.5 9.6 8.6 ii.i
S.D. !1.5 +_4.4 _ 3.7 _3.8 + 4.2 ! 4.6



TABLEC-I continued

SUPINE EXERCISE

Parameter R+0 R+I R+2 R+7,8 R+I7,18

TAU
t

HR mean 1.Ogl 1.259 1.302 .578 .642
S.D. 71.159 2.806 +1.017 _+.301 _+.162'

_2 meam_ .660 .842 .976 .913 .766
S.D. _.183 z.435 O1"_.442 z .465 *-.138

VC02 mean 1.715 2.246 1.846 2.103 1.290
S.D. _1.354 ± 1.680 _t1.440 !1.736 ± .142

VE mean i.177 i.292 2.574 i.275 i.197
S.D. ± .347 ± .192 Z2.952 4..372 4 .333

Steady State Value

HR mean 112.3 iii. 4 iii. 0 102.3 109.7
S.D. -_I0.2 _+7.9 __1.5 __5.8 ..44.0

V02 mean i.217 i.283 i.279 i.196 i. 047
S.D. _..121 ± .086 __.094 ! .078 _*.090

_CO2 mean 1.335 1.383 1.325 1.321 1.034
S.D. .+.225 _ .186 4 .211 ! .326 +-.127

VE mean 32.0 31.7 30.4 30.1 31.3
S.D. %_4.7 __1.7 i 1.8 ! 3.4 + 1.7

Value During No Load Pedaling

HR mean 89.0 91.5 9017 83.5 85.6
S.D. 4_6.2 __11.9 T6.4 +-7.8 I 12.4

_2 mean .336 .319 .381 .324 .227
S.D. +-.083 ! .102 _.132 _+.158 _+.117

#002 mean .296 .288 .315 .280 .187
S .D. -_.046 5.068 +-.146 __.181 __.081

VE mean 9.7 9.4 12.8 9.5 9.6
S.D. _2.2 _ 2.7 _ 5.1 + 6.3 +3.3



TABL_ g--2

SUPINE EXERCISE

P_ARAMETER br+7,11 br+l_ br+l4 br*l$ br_21,27
TAU

HR
n= 5 5
t= -.97 .19
P=

.82
4
-.93

a

VO2
n= 3 6 5
t=-1.42 -.65 .60
P=

3

1.46

5

-2.46
< .05

VC02
n= 4 6 4

t= -1.82 -.99 -.92
P=

4
.16

5

-3.02
.05

n: 3 6 5 6 5

t: -1.04 -1.63 -.06 -.06 -1.51
P:

Steady State Value

HR
n _-

t=
P=

3

1.30
4 5

-2.07 -6.8

< .01

4
-3.31
L .05

VO2

n= 3

t= -.57
P=

.62
3

.39

Vco 2
n= 4
t= -3.73
P= <.05

4 3 4
.52 -.21 .24

6

-3.60
_.Ol

_E
n= 3 5 5 6 4
t= -i. 15 -i.09 -.95 -.12 -2.95
P= 4.05

Value During No Load Pedaling

HR
n- 3 5 5
t= -.27 .43 -1.35

3

1.23
4
1.67

V02
n= 3
t= -.99
P=

3

-.92
3
1.35

VCO 2
n= 4 5 4 4 5
t= -.60 .90 -.30 1.31 -.78
P=

VE
n= 3 5 5 6 4
t= -.20 .43 -.66 -.30 -.96
P=



TABLE C-3

SUPINE EXCERCISE

PARAMETER R+O R+I R*2 iI_-7,8 Re17,19

TAU

n= 6 5 6 6 4

FaR t= 1.08 -1.25 -1.37 .47 -.18
p=-

n= 6 6 6 6 4

VO2 t= .29 -1.04 -.86 -.96 -1.57
P=

n= 6 6 6 6 4

VCO 2 t= -I. Ol -1.33 -I. 86 -i. 50 -.48
P

n= 6 6 5 5 5
t= -.i0 -i. 98 -I. 92 -i. 02 -.38

P=

Steady State Value

n= 6 5 6 6 4

HR t= -4.32 -3 •22 -9.48 -I. 90 -3.07

P= L.OO5 _ .05 ,.005 _.05

n= 6 6 6 6 4

VD 2 t= -. 67 -3.22 -I. 99 -.38 1.49

P= _-.05

n= 6 5 5 6 4

VC02 t= -3.60 -2.94 -2.14 -2.18 -. 54

P= _ .01 _. 05 _. 05 _. 05

n= 6 4 5 5 5
VE t= -i. 64 -I. 3 -2.18 -i. 06 -i. 76

P= _. 05

Value During No Load Pedaling

n= 6 5 6 6 3

HR t= -5.05 2.63 -3 •12 -I. 04 -i. 34
P= 4.005 z-.05 <..05

n= 6 6 6 6 4

VO 2 t= ..48 1.34 -.65 .45 1.94
P=

r.= 6 5 5 6 4

VC02 t= -i.Ii -1.32 - .94 -2.60 1.44

P= _ .05

n= 6 5 6 5 5

VE t= -1.84 1.57 -1.04 -.55 -.01
P=



TABLEC-4

UPRIGHT EXERCISE

Parameter Pre-br R+0 R*I R.2 R.7,8 R+17,19

TAU

mean .752 1.476 2.180 1.442 .989 1.033
HR

S.D. _.141 _ .398 _ .822 ±.709 2.705 ! .720

_02 mean .569 .688 .568 .639 .573 .536
S.D. 1.128 J .302 _ .177 _ .295 _.225 +.173

_C02 mean 1.256 1.472 1.364 1.529 1.454 1.012
S.D. _.327 _.596 ±.435 ± .665 ±.804 _.175

VE mean 1.085 1.420 1.375 1.591 1.083 .871
S.D. _.422 J .892 #.543 j.781 ± .567 Z.255

-- S_eady State Value

mean 102.2 127.9 132.1 123.2 115.0 121.8
HR

S.D. _ 3.3 i10.5 _4.7 ± 5.9 ± 5.3 _ 4.0

VO 2 mean 1.197 1.293 1.288 1.298 1.249 1.067
S.D. _ .091 ! .130 _ .067 +.086 _ .064 ! .139

_002 mean 1.013 1.291 1.307 1.259 1.176 1.073
S.D. +.067 _.153 # .i15 2.108 _ .132 _ .203

mean 28.7 32.8 32.9 32.1 30.1 32.5
S.D. _ 1.8 _ 1.3 ± 3.7 f 2.9 ! 2.8 ± 4.5

Value During No Load Pedaling

mean 86.9 103.3 103.6 i01.i 89.8 94.3

HR S.D. ±5.2 ± 5.0 ±13.7 _ 7.2 ±11.8 _ 11.5

Vo2 mean .409 .495 .473 .479 .389 .373S.D _ .109 ! .130 _.089 T.064 ! .121 _ .097

_C02 mean .343 .333 .357 .394 .283 .275
S.D. Y.064 j .070 _.078 +.155 _ .124 j .045

VE mean 11.5 11.3 11.6 11.9 9,9 11.7
S.D. ] 2.6 ! 1.8 J 3.0 _ 1.8 I 4.2 _ 4.2



TABLEC-5

UPRIGHT EXERCISE

PARAMETER R+O R+I R+2 R+7,8 R+17,19

RR

n= 5 4 5 3 3
_-4.47 -3.02 -2.05 - .50 -.54
P=- 4.01 _.05

n= 5 6 5 5 3

_2 .... _-_--I.74 .51 -1.39 @ _

p=-

n= 6 6 6 6
VCO 2 t= -1.33 -.65 -1.08 -.56 1.72

p=-

n= 5 6 5 6 5
VE t= .68 -1.50 -1.63 .94 .47

P=

Steady State Value

n= 5 4 5 3 3
HR t=-5.30 -13.0 -12.6 - 2.80 -16.10

P= _ .005 _.O05 _.005 L.O05

n= 4 6 6 6 3

_2 t= -1.39 -3.55 -1,93 -1.87 1.25
P= _.01

n= 5 6 5 6 4
VCO 2 t= -4.52 -8.39 -15.00 -3.86 -.54

P= _ .05 _.005 _.005 _.01

n= 5 6 6 6 5

VE t=-3.12 -2.20 -1.58 -1.24 -1.78

P= z.05 _.05

Value During No Load Pedaling

n= 5 4 5 3 3

HR t= -5.98 -3.88 -4.34 - .74 -1.89

P=- _.005 z.05 z-.Ol

n= 4 6 6 6 3
9D2 t= -.69 -1.14 -2.10 .74 .72

P=- _ .05

n= 5 6 6 6 4

vc02 t= -.02 -.47 -i.00 .92 1.38
1__

n= 5 6 5 6 5
t= ._ -.08 -.80 .68 -.67
p=-



G.15

Subject #

PRE BEDREST H.R.

Supine Rest

BR-24 BR-20 BR-14

66.0 73.4 76.0
78.8 73.2 69.0
59.4 66.8 63.8
67.8 62.8 68.0

54.0 59.4
74.0 65.0

68.0 67,4 66.9
+ 8,0 + 7.9 + 5.6

BR-7

57.6

62.8
67.7

56.8
62.8
65.2
62.2

+4.2

BR-I

51.8
68.2
54.0
60.8
60.8
64.5
60.0

+6.2

Overall

61.8

66.7
61.8

61.9
61.0
64.9
63.0

+2.2

Subject #

98.7
]21.0
98.0

105.3

105.8

+ I0.7

Supine Exercise

lOl.7
106.3

110.3
97.3

91.7
I07.0

102.4
+ 6.9

94.7
lOl .0
102.3

I05.0
93.3

I01.7

99.7
+4.6

91.0
102.0

99.0
91.0

99.7
98.7

96.9
+4.7

86.3
I01.3
94,0
94.7
94,7
96.0
94.5

+4.8

90.7
I01.4

98.4
96.9

95.9
98.8

97.0
+3.6

Subject # Upright Rest

66,8 69.2 68.5
87.5 81.0 83.5
74.5 86.0 77.2
78.8 66,8 73.2

61.5 66.2
80.2 81.8

76.9 74.1

+ 8.6 + 9.6 + 7.0

63.5
78.5
76.5
65.5
79.0
75.8
73,1

+6.8

60.5
81.8
64.5
66.2
73.2
69.5
69.3

+7.5

64.2
81.3
72.7
68.3
72.8
75.7
72.5

+5.9

Subject #

1
2
3
4
5
6

Upright Exercise

99.0 102.7 93.0
126.7 109.3 102.7
104.0 113.3 97.0
110.3 I01.0 112.7

95,0 97.7
110.7 103.7

II0.0 105.3 I01 .I
+ 12.1 + 6.9 + 6.9

91.7
102.7
98.0
98.3

116.7
102.7
I01.7
+8.4

87.0
104.7
96.0
98.0

I01.7
I00.0
97.9

+6.1

90.6
103.4
97.0

103.0
105.2

102.l

100.2

+5.5



G.16

Heart Rate

Supine Recover X

Subject # BR-14 BR-7 BR-I

l 66.0 63.4 56.2
2 70.2 72.0 72.0
3 73.0 75.6 59.8

4 69.0 58.2 59.6
5 62.8 69.4 66.0
6 79.2 72.2 69.0

Overall

61.9
71.4
69.5
62.3

66.1
73.5
67.4

+4.8

Subject # Upright Recovery

I 68.3 63.4 60.8
2 77.4 77.6 84.0
3 78.2 83.0 62.8
4 78.8 73.0 70.4
5 72.6 94.2 84.6
6 82.4 82.2 74.2

64.2

79.7
74.7
74.1
83.8
79.6
76.0
+6.8



G.17

Subject
#

1
2

3
4
5
6

Supine Rest

BR-14 BR-7 BR-I

Prebedrest

VO2

(_/Min)

Overall

0.280 0.310 0.300 0.297
0.240 0.180 0.370 0.263
0.310 0.270 0.260 0.280

0.250 0.170 1.210 0.210
0.230 0.190 0.240 0.220
0.270 0.250 0.300 0.273

O.257

+0.035

+ .Of

Supine Exercise

BR-14 BR-7 BR-I Overall

1.080 1.150 1.150 1.127
0.910 0.760 1.330 l.O00
l.llO 0.770 1.290 1.057

1.056 0.919 1.227 1.067
0.950 0.890 1.160 l.O00
1.180 1.040 0.853 1.024

l.046

+0.049

Subject
#

Supine Recovery

0.410 0.450 0.450 0.437
0.400 0.260 0.510 0.390

0.460 0.340 0.400 0.400

0.400 0.350 0.400 0.383

0.370 0.330 0.440 0.380
0.420 0.410 0.400 0.410

O.400
+0. 021

Upright Rest

0.340 0.240 0.400 0.327
0.310 0.260 0.430 0.333

0.390 0.350 0.390 0.377

0.350 0.270 0.320 0.313
0.320 0.230 0.310 0.287

0.370 0.300 0.350 0.340
0.330

+0.030

Subject
#

Upright Exercise

1.050 l.lO0 1.250 1.133
0.930 0.790 1.350 1.023

1.080 0.900 1.370 l.ll7
i.097 0.965 1.262 1.108

l.lO0 0.850 1.190 1.047
l.llO 1.070 1.244 1.141

i .095

+0.048
m

Upright Recovery

0.410 0.430 0.500 0.447
0.340 0.250 0.470 0.353

0.470 0.330 0.410 0.403
0.410 0.360 0.400 0.390
0.460 0.330 0.420 0.403

0.430 0.390 0.460 0.427
0.404

+0.032



G,18

Subject
#

Supine Rest

BR-14

Prebedrest

VC02

(_/Min)

BR-7 BR-I Overall

1 0.420 0.350 0.300 0.357
2 0.260 0.180 0.270 0.237
3 0.390 0.420 0.200 0.337

4 0.260 0.180 0.190 0.210
5 0.240 0.200 0.240 0.227
6 0.480 0.450 0.440 0.457

0.304

+_0.096

Supine Exercise

BR-14 BR-7 BR-I Overall

0.990 1.020 0.830 0.947
0.960 0.750 0.970 0.893
0.940 0.720 0.960 0.873
1.035 0.879 1.160 1.025
1.030 0.880 1.140 l.Ol7
1.240 0.990 0.785 1.005

0.960
+0.066
m

Subject
#

Supine Recovery

1 0.570 0.520 0.470 0.520
2 0.500 0.330 0.420 0.417
3 0.590 0.490 0.350 0.477
4 0.490 0.410 0.450 0.450
5 0.470 0.400 0.550 0.473
6 0.710 0.570 0.580 0.620

0.493
+0.071

m

Upright Rest

0.350 0.250 0.360 0.320
0.320 0.260 0.280 0.289
0.520 0.380 0.380 0.427
0.330 0.260 0.270 0.287
0.300 0.200 0.260 0.253
0.540 0.350 0.400 0.430

0.334
+0.076

Subject
#

Upright Exercise

l 0.850 0.780 0.790 0.807

2 0.900 0.700 0.920 0.840
3 0.860 0.750 0.920 0.843
4 1.034 0.837 I.I03 0.991

5 1.100 0.820 1.120 1.013
6 0.950 0.870 0.985 0.935

0.905
+0.087

Upriqht Recovery

0.480 0.470 0.470 0.473
0.350 0.240 0.340 0.310
0.550 0.410 0.320 0.427
0.420 0.360 0.400 0.393
0.510 0.370 0.470 0.450
0.560 0.450 0.530 0.513

0.422
+0.067



G.19

Prebedrest

RER
(Overall)

Subject #

1
2
3
4
5
6

Supine Rest

1.202
0.901
1.204

l.O00
1.032
1.674

1.169
SD + 0.274

SEM ¥ .ll2

Supine Exercise

0.840
0.893

0.826
0.961
l.017
O.981

0.920

SD + 0.078
SEM ¥ .03

Subject # Supine Recovery

l.190
l.069

l.193
l.175

l.245

l.512
l.231

SD +0.149
SEM ¥ .06

Upright Recoverz

0.979
0.868

].133
0.917

0.882
1.265

1.007
SD + 0.159
SEM ¥ .06

Subject # Upright Exercise

0.712

0.821
0.755
O.894

O.968
0.819

SD + 0.093

SEM + .04

Upright Recovery

I.058
O.878

l.060
I.008

l.ll7
l.201
I.054

SD + 0.I08
SEM + .04



G.20

Subject
#

Supine Rest

Prebedrest

MV

(_/Min)

BR-14 BR-7 BR-I Overall BR-14

l 19.3 13.3 ll.5 14.7 29.4
2 8.3 7.2 8.9 8.1 28.7
3 13.1 14.5 6.7 ll.4 29.0
4 7.6 6.6 5.8 6.7 27.9
5 6.6 6.8 8.4 7.3 26.7
6 18.0 20.6 16.4 18.3 29.3

IT.l
SD + 4.6
SEM ¥ l.88

Supine Exercise

BR-7 BR-I

31.2 20.8
27.2 27.4
32.6 26.1
28.5 27.6
27.7 28.7
25.8 18.6

SD
SEM

Overall

27.1
27.8
29.2
28.0
27.7
24.6
27.4

+I.5
+ 0.61

Subject Supine RecoverX
#

l 23.6 17.5 14.6 18.6 18.8
2 14.4 14.1 14.2 14.2 11.4
3 17.7 19.5 9.5 15.6 24.2
4 13.3 12.3 12.3 12.6 9.5
5 13.3 13.6 16.4 14.4 9.4
6 24.7 21.4 17.7 21.3 30.6

TBTT
SD + 3.2

SEM ¥ 1.31

Upright Rest

12.2 17.7
I0.3 II.2
17.1 14.4

8.9 8.4
8.9 9.4
20.I 18.8

SD
SEM

16.2
11.0
18.6
8.9
9.2
23.2
14.5

+5.8
+2.4

Subject Upright Exercise
#

l 27.4 24.7 22.7 24.9 27.3
2 30.8 26.5 29.2 28.8 13.3
3 32.9 27.5 25.5 28.6 23.4

4 29.8 27.3 25.6 27.6 _12.6
5 24.8 29.4 28.2 27.5 14.1
6 27.1 24.4 24.6 25.4 26.4

27-TTT.
SD + 1.6

l

SEM +0.65
1

Upright

25.9
12.9
20.9
12.5
15.6
22.6

Recovery

18.8
13.2
9.3
12.0

15.1
20.8

SD
SEM

24.0
13.1
17.g
12.4
14.9
23.3
17.6

+5.1
¥2.1



G.21

Subject
#

1
2
3
4
5
6

Supine Rest

BR-14 BR-7 BR-I

15.6
13.2

I0.6
9.6

I0.2

14.8

13.6 14.0
II .0 14.2

8.6 12.8
7.0 6.8
9.4 II .2

16.8 14.2

SD
SEM

Prebedrest

RR

(Breaths/Min)

Overall

14.4
12.8
I0.7

7.8
10.3

15.3
II.9

+2.8
T 1.14

Supine Exercise

BR-14 BR-7 BR-I

18.0

23.3
15.3
13.7

14.7

14.0

17.3 12.3
20.7 19.7

15.7 20.3
14.0 13.3
13.0 13.3

12.7 12.3

SD
SEM

Overall

15.9
21.2

17.1
13.7

13.7

13.0
15.8

+3.1
¥I.3

Subject
#

14.6

15.0
10.4
10.8

12.0
19.4

Supine Recovery

12.6 9.0
15.2 17.8

9.2 II.0
8.6 8.8
II.0 I0.4

15.6 II.6

SD
SEM

12.1

16.0
I0.2
9.4

II .l

15.5
12.4

+2.8
+ 1.14

Upright Rest

14.0 11.0 II .0

13.8 10.3 19.5
II.0 lO.O 7.3
8.2 7.2 5.1

lO.O 8.2 7.0
17.2 16.8 12.8

SD +
SEM ¥

12.0
14.5
9.4

6.8
8.4
15.6

II.l
3.5

1.43

Subject
#

17.7
22.3

15.0
13.0

11.7
I0.3

Upright Exercise

14.0 16.7

20.3 22.3
17.0 17.7

10.7 10.3

13.7 14.3
10.3 12.3

SD
SEM

16.1
21.6
]6.6

II.3
13.2

II.0
15.0

+4.0
+ 1.63

17.8

16.2
II.0

8.2
I0.4

15.6

Upright Recovery

12.4
12.9

13.0
7.8
9.4

16.8

9.2
18.0

10.2

6.8
9.4
16.6

SD

SEM

13.1

15.7
II.4

7.6
9.7

16.3
12.3

+3.4

+ 1.4



G.22

Prebedrest

SBP
(Torr)

Subject #

l
2
3
4
5
6

Supine Rest

BR-14 BR-7

143 141.5
131 126.8
124.4 120.0
I15.4 ll4.0
129.0 135.0
120.6 I08.4

BR-I Overall

150.0 144.8
135.6 131.O
121.8 122.1
I07.6 I12.3
131.1 131.7
lOl.4 llO.l

5T .3
SD + 13.2

SEM + 5.4

Supine Exercise

BR-14 BR-7 BR-I

188 186.0 190.0
170 172.7 183.0
178.0 164.0 162.3
164.0 173.0 168.7
180.7 196.0 178.7
182.7 158.0 140.9

SD
SEM

Overall

188.0
175.2
168.1
168.6
185.1
160.5
174.2
+ I0.6
¥ 4.3

Subject #

l
2
3
4
5
6

Supine Recover_

165.8 164.4
I13.5 140.0
152.8 134.2
122.4 130.4
134. 141.6
135.2 I13.6

131.8 154.0
146.0 133.2
132.8 139.9
123.5 125.4

136.3 137.4
Ill.5 120.1

135.0

SD + ll.9
S_4 + 4.9

Upright Rest

152.8 132.8 137.5 141.O

126.8 I15.7 129.0 123.8
ll6.0 I09.8 If4.0 I13.3

I19.2 I13.5 120.0 II7.6
I14.5 130.5 124.8 123.3
115.2 I02.2 I04.4 I07.3

121.O
SD + ll.6
SEM ¥ 4.7

Subject #

l
2
3
4

5
6

Upright Exercise

181.3 167.3
159.0 155.0
130.0 136.0
162.0 160.3
157.0 180.0
150.0 148.0

178.0 175.5
150.0 154.7
135.3 133.8
170.0 164.1
160.7 165.9
139.9 146.0

sTT .7
SD + 15.1
SEM ¥ 6.2

Upright Recovery

157.2 141.O 144.8 147.7
129.6 123.6 122.0 125.1
I13.8 llS.0 I15.4 I14.7
I18.8 I19.8 130.7 123.1
129.4 132.4 123.5 128.4
122.4 Ill.8 108.8 I14.3

125.6
SD + 12.2

SEM + 5.0



G.23

Prebedrest

DBP

(Torr)

Supine Rest

Subject # BR-14 BR-7 BR-I

l 91.6 79.5 93.6
2 69.5 77.8 85.6

3 86.6 77.8 73.8
4 60.2 76.4 68.0
5 71.5 88.8 86.5
6 73.8 62.0 59.2

SD
SEM

Overall

88.2
77.6

79.4
68.2
82.3

65.0
76.8

+8.7

¥3.6

Supine Exercise

BR-14 BR-7 BR-I

I00.3 92.0 I02.7
85.7 71.7 94.0

107.7 90.0 94.0
71.0 79.7 80.0
76.0 92.0 95.3

71.3 63.7 53.5

SD
SEM

Overal I

98.3
83.8

97.2
76.9

87.8
62.8

84.5
+13.4

75.5

Subject # Supine Recovery

l 60.2 79.6

2 72.8 60.3
3 88.5 77.8

4 71.6 77.8
5 69.6 80.0

6 64.6 55.2

83.6
87.0
86.8

72.6

82.6
59.0

SD

SEM

74.5

73.4
84.4

74.0

77.4
59.6
73.9

+8.1
+3.3

Upright Rest

88.8 88.2 86.0

72.2 77.7 78.0
72.2 69.5 70.0

72.0 76.5 65.5

71.5 88.5 88.6
62.8 63.8 62.7

SD
SEM

87.7

76.0
70.6

71.3

82.9
63. l
75.3

+8.9

+3.6

Subject # Upright Exercise

l 86.0 73.3
2 74.7 60.0

3 66.7 71.3
4 69.0 74.3
5 79.0 96.7

6 73.0 61.3

87.3

84.0
74.0
75.3

84.7
60.6

SD
SEM

82.2
72.9
70.7

72.9
86.8

65.0
75.1

+8.0
¥3.3

Upright Recovery

90.8 78.4 89.2
80.2 69.6 82.8

74.4 75.2 79.6
72.6 77.8 66.7
75.4 92.4 94.6

73.6 63.8 65.6

SD
SEM

86.1
77.5
76.4

72.4
87.5

67.7
77.9

+7.7

¥3.1



G.24

Prebedrest

PP
(TORR)

Subject Supine Rest

56.6
53.4
42.7
44.1
49.4
45.1
48.6

SD + 5.6

SEM + 2.3

Supine Exercise

89.7
91.4
70.9
91.7
97.3
97.7

SD + 9.8
SEMT 4.0

m

Subject #

l
2
3
4
5
6

Supine Recovery

79.5
59.8
55.5
51.4
60.0
60.5
6-KT

SD + 9.7
SEM + 4.0

Upright Rest

53.3
47.8
42.7
46.3
40.4
44.2
45.8

SD + 4.5
SEM + 1.84

w

Subject #

l
2
3
4
5
6

Upright Exercise

93.3
81.8
63.1
91.2
79.1
81.0

SD + I0.8
SEM+- 4.4

u

Upright Recovery

61.6
47.6
38.3
50.7
40.9
46.6
47.6

SD + 8.2
S_T 3.4



G.25

Prebedrest

Supine Rest

Subject # BR-14 BR-7

Subject #

Subject #

108.7 ]00.2
90.0 94.1

99.2 91.8

78.6 88.9
90.7 104.2

89.4 77.5

Supine Recovery

95.4 I07.8
86.3 86.9
Ill .9 96.0

88.5 95.3

46.4 ]00.5
88. l 74.7

Upright Exercise

117.8 104.7

102.8 91.7

87.8 92.9
100.0 103.0

]05.0 ]24.5
98.7 90.2

MAP

(Torr)

BR-] Overall

]12.4 107.1
102.3 95.5
89.8 93.6

81.2 82.9
lOl .4 98.8

73.3 80.1

93.0
SD +IO.I

SEM + 4.1

46.3 83.2
I06.7 93.3

102.1 103.3
89.5 91 .l

100.5 82.5
76.5 79.8

88.9
SD + 8.8
SEM ¥3.6

I17.6 I13.4

I06.0 I00.2
94.4 91.7
106.9 I03.3

110.0 113.2
87.0 92.0

10--2?-3.3

SD + 9.6
SEM¥ 3.9

Supine Exercise

BR-14 BR-7 BR-I

130.0
I13.9

131.I
I02.0
llO.9

108.4

123.3 131.8

I05.3 123.7
I14.7 I16.9
110.8 I09.6
126.7 123.1
95. l 82.6

SD

SEM

Upright Rest

110.I 103.1 103.2
90.4 90.3 95.0

86.8 82.9 84.7
87.8 88.8 83.7

85.8 ]02.5 100.7
80, 2 76.6 76,6

SD

SEM

URright Recovery

112.9 99.3 107.7

96.7 87.4 95.8
87.5 88.5 91.5

88.0 91.8 88.0
93.4 I05.7 I04.2
89.9 79.8 80.0

SD
SEM

Overall

128.4
I14.3

120.9
I07.5
]20.2
95.4

I14.4

+ II.7
4.8

102.1
91.9

84.8
86.8

96.3
77.8

+ 8.7
T 3.6

]06.6

93.3
89.2
89.3

I01 .I
83.2

93.8
+ 8.6
¥ 3.5



G.26

Prebedrest

(_/min)

Subject #

l
2
3
4
5
6

Supine Rest

BR-14 BR-7

-- 6.2
3.8 4.1
6.3 5.5
3.4 3.8
3.6 3.6
6.8 --

BR-I Overall

-- 6.2
-- 4.0
-- 5.9

3.7 3.6
4.0 3.7
-- 6.8

576
SD + 1.4
SEM +0.6

m

BR-]4

Supine Exercise

BR-7 BR-I

g.6 8.6 --
9.6 6.8 --
9.5 6.6 --

12.0 ll.O 10.4
10.4 9.3 9.0
10.4 -- 7.0

SD +
SEM +

Overal}

9.1
9.2
8.0
II.l
g.6
8.7
9.3
1.0
0.4

Su,bject# Upright Rest

-- 6.1 --
5.2 4.9 --
-- 5.7 --

4.6 5.3 5.0
4.1 4.3 3.7
g.l ....

SO +
SEM +

6.1
5.0
5.7
5.0

4.0
9.1

5.8
1.8
0.7

Upright Recover_

9.6 7.8 --
9.1 7.2 --
I0.2 7.4 --
II.0 9.6 8.0
9.6 g.2 lO.l
II.8 8.6 9.6

SD +
SEM +

8.7
8.2
8.8
g.5
9.6
lO.O

0.7
0.3



G.27

Prebedrest

S.V.
(m_/Beat)

Supine Rest

Subject # BR-14 BR-7

I

2
3

4
5

6

-- 107.6
55.1 65.3
98,7 81.3
50.0 66.9
60.6 57.3

104.6 --

BR-I Overall

-- 107.6
-- 60.2
-- 90.0

60.9 59.3
65.8 61.2

-- 104,6
80,5

SD _23.0
SEM + 9,4

BR-14

I01.4
95.0
92.8

114.3
III .4
102.3

Supine Exercise

BR-7 BR-I Overall

94.5
66.7
66.7

121.0
93,3

--D

-- 98.0
-- 80.8
-- 79.8

109.9 115.1
95.1 99.9
72.9 87.6

93.5
SD +13.5
SEM + 5.5

Subject #

1

2
3
4

5

6

--I

62.3

62.8
61.9

III .3

Upright Rest

96,1
62.4
74.5
80.9
54.4

-- 96.1
-- 62.4
-- 74.5

75.5 73.1
50.5 55.6

-- 111.3
78.8

SD + 21.0
SEM + 8.6

103.2
88.6

105,2
97.6
98.3

113.8

Upright

85.1
70.1
75.5
97.6
78.9
83.8

Recovery

_D

81.6

99.3
96.0

SD +
SEM +

94.2
79.4
90.4

92.3
92.2

97.9
91.I

6.3
2.6



G.28

Prebedrest

TPR
(DYNE-SEC-CM-5)

Supine Rest

Subject # BR-14 BR-7 BR-I

-- 1293 --
1895 1837 --
1260 1336 --
1849 1872 1756
20]5 2316 2027
I052 ....

SD +
SEM +

Overall

1293
1866
1298
]826
2119
I052
irf6
418
171

Supine Exercise

BR-14 BR-7 BR-I

1080 1147 --
949 1239 --

II04 1390 --

680 806 843
853 I090 I094
834 -- 944

SO +
SEM ¥

Overall

1114
1094
1247
776

1012
889
IO-- 
169
69

Subject #

_Q

139l

1526
]675
705

Upright Rest

1352
1475
1164
1341
]907

Q_

Q_

1339
2177

1352
1433
1164

1402
1920
705

SD + 396
SEM T 162

Upright Recovery

982 1073 --

904 lOl9 --
688 1004 --

727 858 1069
875 I082 87]
669 839 725

SD +
SEM ¥

I028
962
846
885
943
744
901
lO0
41



G.29

Prebedrest

A-V 07
(m_/l O0-m_)

Supine Rest

Subject # BR-14 BR-7

1
2
3
4
5
6

-- 5.0
6,3 4.4
4.9 4.9
7.4 4.5
6.4 5.3
4.0 --

BR-I Overall

-- 5.0
-- 5.4
-- 4.9

5.7 5.9
6.0 5.9
-- 4.0

5.2
SD + 0.7
SEM _ .3

Supine Exercise

BR-14 BR-7 BR-I

II .3 13.4 --
9.5 II .2 --

II .7 II .7 --
8.8 8.4 II .8
9.1 9.6 12.9

II .3 -- 12.2

SD +
SEM ¥

Overall

124
104
117
97

105
118
II 1
10

4

Subject # Upright Rest

-- 3.9 --
3.4 5.3 --
-- 6.1 --

7.6 5.1 6.4
7.8 5.3 8.4
4.1 ....

SD +
SEM ¥

3.9
4.4
6.1
6.4
7.2
4.1
5.4
1.4
0.6

Upright Exercise

10.9 14.1 --
10.2 II .0 --
10.6 12.2 --
lO.O I0. I 15.8
II .5 9.2 II .8
9.4 12.4 13.0

SD +
SEM ¥

12.6
10.6
II .4
12.0
10.8
II .6
II .5
0.8

.3
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INTRODUCTION

Laboratory research has shown that muscle inactivity, or disuse,

is associated with various muscle dysfunctions including heightened ex-

citability, atrophy, reduced tension capabilities, et cetera (Eccles,

1941, 1944; Fischbach, et al, 1969; Jewell, et al, 1954). The Skylab II

investigation of skeletal muscle changes accompanying 59 days of weight-

lessness provided evidence that skeletal muscles were significantly affected

by that lengthy period of weightlessness, the effects including increased

excitability and heightened fatigability (laFevers, et al, 1975).

Skeletal muscle function was also found to be significantly altered

by the shorter period of weightlessness (9 days) of the Apollo-Soyuz mission.

Those changes included increased excitability, decreased muscle electrical

efficiency, and increased fatigability (LaFevers, et al, 1976).

The purpose of this experiment was to investigate the effects of bed-

rest disuse on the characteristics of the electrical activity of skeletal

muscles. This experiment is one of a series of studies to comprehensively

study skeletal muscle function as modified by immobilization or disuse.

The specific objectives of this study were:

i) Evaluate skeletal muscle electrical changes resulting from 28 days

of bedrest recumbency.

2) Compare the results with those of past spaceflight studies.

3) Investigate the relationship between changes in muscle electrical

function and changes in blood flow to muscles.

4) Investigate muscle electrical changes as they occurred during the

period of recumbency.

METHODS

Instrumentation

A Supine Skeletal Muscle Stress Apparatus (SSMSA) was used to provide

controlled muscle isometric testing while the subject was in a supine posi-

tion. The device was adjustable to accommodate a wide range of persons and

permitted measurement of force exerted by the subject's arm or leg. A

second apparatus was used during the prebedrest and postbedrest phases of the

study to provide the same type of controlled testing while the subject was
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in a sitting position. A force transducer was mounted on each stress

apparatus. Calibration of the force signals was accomplished by coupling

a known amount of weight to the transducer. A small meter provided feed-

back of force levels to the test subject. A two-channel _4G detector was

used to record the muscle electrical activity sensed by surface-type

electrodes. An occlusion-cuff apparatus was used to collect flood flow

responses to the isometric stresses.

All data were recorded at 9.55 cm/sec (3.75 in/sec) on magnetic tape

by a four-channel instrumentation recorder (two channels of _24G, one channel

each of force signals and IRIG-B time code. Blood flow data were recorded

ca a second instrumentation recorder. Figure 1 is a diagram of the in-

strumentation setup (does not include blood flow apparatus).

Procedures

Data were taken from six subjects on two prebedrest days : B-20 and

B-10. Inbedrest measurements were taken on one group of three subjects

(the 50% MVC group) on B+O, B+12, B+22, and B+26 days. On the second group

of three subjects (the 35% MVC group) inbedrest measurements were taken on

B+O, B+16, and B+27 days. _ne percentage MVC's for inbedrest identified

above are based on the values used _prebedrest a_d-po_stbe_dr_st fox-/the ca!f-_ -

muscles which were 60% and 50% MVC, respectively. However, MVC's from the

leg were larger in the supine position than in the sitting position, thus

the effective percentage MVC's for inbedrest compared with pro- and post-

bedrest were less. Postbedrest measurements were made on R+3 and R+IO days.

Force capabilities of the arm remained fairly constant from sitting to

recumbent positions, thus the 25% and 50% MVC's used were not altered.

For each subject, two muscles of the calf, the m. gastrocnemlus and

m. soleus, and two muscles of the arm, the m. biceps brachii and m. brach-

ioradialis (see Figure 2). Surface electrodes, 7/16 inch in diameter, were

used with spaceflight-type electrode paste to record muscle electrical

signals.

Experiment protocols were as follows:

Task Rest

ARM 25% MVC for 60 seconds 5 minutes

_0% MVC for 60 seconds 5 minutes

MVC
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CALF 20% MVC for I0 seconds

30% MVC for i0 seconds

40% MVC for i0 seconds

50% MVC for i0 seconds

50% MVC for 90 seconds

MVC

20 seconds

20 seconds

20 seconds

2 minutes

5 minutes

H. 5

Be above measurements on the calf were for one group of three subjects.

The second group of three subjects started at 30% of MVC and finished at

6o% of MVC.

Blood flow was measured immediately prior to and following each of the

constant hold tasks (60 seconds for the arm and 90 seconds for the calf).

Measurement was accomplished by occluding the active arm or leg segment and

measuring the change in volume of the segment distal to the occlusion.

Data Processing

The analog force and electromyographic (_MG) signals were digitized for

processing on a computer. The analog force signals were high-pass filtered

at i0 hertz and sampled at 20 samples/second. A 400-hertz upper frequency

limit was selected for EMG power spectral density (PSD) analysis. Con-

sequently, the analog EMG data were low-pass filtered at 400 hertz and

digitized at i000 samples/second. Force data were calibrated into pounds

and averaged over 1-second intervals. The EMG signals were analyzed in

h-second segments. The data were calibrated into microvolts and the integ-

rated value for each segment was found.

A cosine taper was applied to the first and last tenths of each data

segment, the discrete Fourier transform was taken, and the magnitude of the

PSD was calculated. To reduce random error, the PSD was smoothed over

approximately 10-hertz intervals. The integrated value of the PSD was also

calculated.

Experimental Design

The experimental design used in this study was the repeated measures

design (Edwards, 1960, Myers, 1966). Bruning and Kintz (1968) refer to

this design as the treatments-by-treatment-by-subjects design in which each

subject is tested under all combinations of treatments.
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The treatments were" !) conditions, i.e., prebedres_ versus post-

bedrest, and 2) muscle stress measured in terms of the fatigue index

associated with the amount of time the stress was maintained. Fatigue

index was 4,_fined as the percentage of total spectral pcwer residing in

the i0 so 60 hertz band for the calf muscles and the i0 to h0 hertz band

for the arm muscles.
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RESULTS

The results of the analyses of variance on individual subject's data

generally show that the period of bedrest significantly altered muscle

electrical activity especially in the frequency bads related to muscle

fatigability. Tables 1 and 2 show the results of the analyses. Eleven of

of the 18 tests on three muscles, the gastrocnemius, soleus, and biceps

brachii, showed statistically significant main effects between the prebed-

rest and postbedrest sessions. Three of the seven tests showing insig-

nificaut conditions main effect demonstrated a statistically significant

interaction between the fatigue index and contraction time for the two

conditions. Thus, lh of 18 statistical tests showed significant effects

associated with the period of bedrest. Eight of the eleven significant

main effects for conditions were in the expected direction, i.e., postbed-

rest muscle fatigue index greater than prebedrest. One subject accounted

for 2 of the 3 "wrong direction" effects.

The main effect for stress was statistically significant in all cases

showing the highly reliable spectral power shift into lower frequencies as

a stressful contraction was maintained over time. The significant con-

ditions by stress interactions show that the fatigue index was different-

ially affected by conditions, i.e. , the postbedrest fatigue index was lower

than prebedrest at the beginning of the contraction but finished higher at

the end of the contraction. Figures 3 thru 7 are data plots of the results

of the analyses of variance

The t-test statistic was used on grouped data to determine the general

significance of change in the magnitude of the fatigue index from prebedrest

to postbedrest. The first and last spectral power values derived from EMG

data during stress periods were used to compute the t-test values. Table 3

shows the results of these analyses. The 50% MVC group showed significantly

greater postbedrest fatigue indexes on both calf muscles, whereas the 60%

MVC group did not. However, the 60% MVC group had significant fatigue

index by time interactions for the gastrocnemius which indicated greater

postbedrest effects (see Figure 3). Combining the data for the six subjects

on the 50% MVC stress on the arm resulted in a statistically significant
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TABLE i.

SOURCE I DFSUBJECT

Summary of Analyses of Variance for the 60% MVC Group.

MS, F1 [l MS, F2 II _._S 'F3

CONDITIONS 1

(Prebed vs

Postbed)

STRESS [ 1

(Fatigue

Index )

CONDXSTRESSl 1

ERROR r h

I

CONDZTIONS J 1
(Prebed vs I

Postbed )

STRESS i

(Fatigue

Index )

C0ND X$TRE_q_ 1

ERROR h

CONDITIONS 1

(Prebed vs

Postbed

STRESS 1

(Fatigue

Index

COND xSTRES: 1

ERROR 2

(*) --p <.05
(**)- p <.o1

1.9

89.5

GASTROCNEMIUS

<i

21.3*

0.2

95.1

5.2

0.6

<i 17.1 8. i*

158.5"* 57.5 27.4**

8.7* 7.3 3.5

- 2.2 -

21.8

152.9

SOLEUS

_.8

0.6

36.3**

25b,. 8**

305.0

44.1

8.0*

m

i
i

1.0

2.8

BICEP BRACHII

35.782.7 31.8"

172.5 66.4*

1.4 <i

2.6

26.7

108.9"*

15.8"

<I

m

21.1 105.5"*

0.02

49.3

37.5

o.8

0.4

123.3**

93.8"*

2.0

1785.0"*_ 9.7 I 32.3"

133.5"* 651.2 2170.7"*

7.7 I 25.7'

0.03 1 -
m
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TABLE 2.

SOURCE

SUBJECT

CONDITIONS

(Prebed vs

Pos tbed )

STRESS

(Fat igue

Index )

COND XSTRESS

ERROR

CONDITIONS

(Prebed vs

Pos tbe d )

STRESS

(Fat igue

Index )

CONDXSTRESS

ERROR

CONDITIONS

(Prebed vs

Postbed)

STRESS

(Fatigue

Index)

CONDXSTRESS

ERROR

Summary of Analyses of Variance for the 50% MVC Group.

1

1

1

4

1

1

1

4

1

1

1

2

o F IMs, IMs,4 5 6

GASTROCNEMIUS

20.4 25.5* 64.8

107.1"* 107.7

SOLEUS

54.0** 6.6

89.8**85.7

0.3

iI$.3

26.2

I

I

2.736.5**

2.7

30.3

2.1

I 2.5

F

2.6

10.5"

1

D

7.2 , 14.8 14.8"
I
1
I

52.2"*1106.7 ! 106.7"*23.3** L0h.4

<I 0.i

- 2.0

BICEP BRACHII

<i I 0.3 <i

- i 1.0 -

0.05

170.3

<l

549.2 *_

3.5

56.8

283.2

20.0* 3.3 12.2

i00.0"* 342.4 1268. i**

(*) = p <.o5

(**) = p <.Ol



H. i0

So

TO

_5o

3O

I
:_ub,lect: I 80 I

IMuscle: GASTROC

_ 7o

PP.E _

o_o

/

5

Subject : 3

Muscle : OAS_OC

80

--TO

o'_," _o
DS

3O

_ubject : 2

O

i.la, •

, 30 ....
eo _ so 5 eo

(secOn_Ul) TL%_ (sec_n_s)

FIGURE 3. Plots of muscle fatigue index d_ta showing the relationship

between prebedrest and postbedrest isometric stress responses

for the gastrocnemius muscle at 60% of MVC.
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Plots of muscle fatigue index data showing the relationship

be%ween prebedrest and postbedrest isometric stress responses
for the soleus muscle at 60% of MVC.
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FIGURE 5. Plots of muscle fatigue index data showing the relationship

between prebedrest and postbedrest isometric stress responses

for the gastrocnemius muscle at 50% of MVC
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FIGURE 6. Plots of muscle fatigue index data showing the relationship

between prebedrest and postbedrest isometric stress responses

for the soleus muscle at 50% of MVC.
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Analysis by t-tests of differences in prebedrest and post-

bedrest fatigue indexes in grouped data for three skeletal
mus cles.

IGROUP 2 - 50% MVC (3S's )

-2.48* (p <.05)

GROUP 1 - 6o% Mvc (3S's)

GASTROCNEMIUS 0.8"[ (p = n.s. )

SOLEUS 1.48 (p = n.s.) -2.89* (p <.05)

6 S's - 50% _c
I

BRACHIAL BICEPS I -2.32* (p <.05)
I

Note: Negative value denotes postbedrest fatigue index greater than

prebedrest.

difference between prebedrest and postbedrest fatigue indexes for both of

the muscles measured, with the postbedrest being greater.

Tables 4 and 5 show the results of the analyses of variance performed

on the EMG data collected at the beginning and end of the bedrest phase

of the study. Data used in these analyses were collected on the day the

subjects began bedrest (B+0 days) and on the last day of bedrest (B+27 days).

All muscle measurements were taken with the subjects in a supine position.

The three subjects shown in the analysis of leg muscle data repre-

sented the 50% MVC stress level. Just two tests showed a significant

difference in the fatigue index response between the early and late periods

of the recumbent phase of the study, with both occurring in the gastroc-

nemius muscle, and only one of the two differences in the expected direc-

tion, i.e., the late period producing the larger increase to the fatiguing

stress. The brachial biceps data for the recumbent phase, shown in Table 5,

give comparable results. Just two of the six subjects produced signi-

ficantly different fatigue index responses between early and late per-

iods of recumbency and only one of these was in the expected direction.

Also lacking was the usually highly reliable spectral power shift

into the lower frequencies, except in the case of the gastrocnemius.

0nly 6 of 12 tests showed a significant shift in the fatigue index.

Results from the 35% MVC group, not shown, were c_nparable to the 50% MVC



TABLE 4.

SOURCE

SUBJECT

CONDITIONS

(B+O vs B+27)

STRESS

(Fat igue

Index )
COND X STRES_

ERROR

CONDITIONS

(B+0 vs B+27
STRESS

(Fatigue

Index )

CO_rD X STRES:

ERROR

Summary of Analyses of Varia_nce for the 5C% _#$C Group

(Inbedrest Phase) for Leg Muscles.

DF II MS' F I MS'F1 3 1 ''S 'F5

1

1

1

7

1

1

GASTROCNEMIUS

i0.2

38.9

o.5

1.6

<i 0.6
1.4

28.6** i0[.71 34.7**

8.4* 37.51 12.2"

<i 12.5 1 4.0

- 3.11 -

m

10.5

0.4

75.7

2.2

SOLEUS

2.9 3.2

5.0 5.6

0.03 <i

0.9

w

I0.7 3.3

10.4 3.3

1.3 <I

3.2
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TABLE 5. Summary of Analyses of Variance for the 50% MVC Group

(inbedrest Phase) for the Bicep Brachii.

so c.°'IISUBJECTS

99.2

61.2

9.9

16.7
I

4

CONDITIONS 1

(B+0 vs B+27

STRESS 1

(Fatigue

Inaex)
COND X STRES. ¢ i

ERROR 2
,, , , ,,,

SUBJECTS

38.5

355.3

2.1

2.5

BICEP BRACHII

5.9 247.5

3.7 22.1

<i 0.6

- 4.5

>
BICEP BRACKI I

<l

<l

i

(**) : p <.01

20.4

115.9

9.3
1.0

CONDITIONS i

(B+O _ B+27

STRESS 1

(Fat igue

Index )

COND X STRE_ !

ERROR 2

(*) ---p <.o5

9.3 6.7 1 1.0

- 6.11 -
|

20.5* 38.9 I 6.4

115.9"* 90.8 I 14.9
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group shown above, i.e., few significant differences.

Changes in the electrical efficiency of muscles as a result of 28

days of bedrest are plotted in Figures 8 and 9 for the leg muscles and

the arm muscles respectively. Muscle electrical efficiency (MEE) is de-

fined as the ratio of force to electrical activity, or newtons/micro-

volts squared. The t-test for related measures was used to evaluate the

differences in electrical efficiency between the prebedrest and postbed-

rest periods.
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FIC[_RE 8. Plots of muscle electrical efficiency (MS,E) for both the

£[_strocnemius and soleus muscles showing the gener;_l trend

for decreased efficiency postbedrest for both _roup_ of

_ubJects.
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5O
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FIGURE 9.

BRACH_L BICEPS - 5o% MVC
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TIME (seconds)

Plot of muscle electrical efficiency (MEE)

for the brachial bicep showing the general

trend for decreased efficiency postbedrest.

_he 60% MVC group did not show a statistically significant reduction

in MEE from the gastrocnemlus muscle after bedrest (t = 1.15, p = n.s.),

however, inspection of the data revealed that one of the three subjects re-

sponded in the oRposite direction to the other 2 subjects, i.e., he had in-

creased electrical efficiency after the bedrest period. A subsequent evalu-

ation of the data for the two subjects resulted in a highly significant

reduction of the MEE (t = 3.25, p <.01). The 50% MVC group showed a signi-

ficant reduction in the MEE from the gastrocnemius (t = 2.80, p<.02).

From the soleus muscle, the 60% group showed a significant reduction

in the MEE (t = h.68, p <.01), but the 50% MVC group did not (t = 1.90,

p = n.s.). Again, one subject was found to show increased MEE rather than

decreased. Subsequent analysis of the data from the 2 subjects yielded a

highly significant reduction in the MEE (t = 5.94, p <.01) in response to

the 28 days of bedrest.

•he analysis of the bicep brachii data for the total group of six

subjects yielded a t value of 1.12 indicating insignificant reduction in

MEE. But, again, one of the six subjects exhibited increased rather than

decreased MEE. Subsequent analysis of the data from the 5 subjects yielded
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a t value of 2.59 which is significant beyond the .02 level.

Analysis of changes in blood flow in response to muscle stress were

hampered by the loss of data due to recurring equipment problems. How-

ever, sufficient data were recorded on the arm to permit some analysis.

The results were in general agreement with those of Lind (1974). Re-

liably large increases in blood flow were registered poststress when com-

pared to prestress. Also, it was found that blood flow in the arm was

greater in the recumbent than sitting posture when measured immediately

before and after a stressful contraction. Relating this latter finding to

the fatigue 'indexes for the bicep muscle across all six of the subjects did

not show a significant difference in the magnitude of the fatigue index be-

tween prebedrest and postbedrest measurements and inbedrest measurements.

However, inspection of individual data showed that four of the six subjects

had a lower effective fatigue index during bedrest than before or after.

These data are shown in Table 6. Effective blood flow was computed as the

PRE-

IN-

POST-

Note :

TABLE 6. Comparisons of blood flow data with effective fatigue

indexes across conditions by subjects.

SUBJECTS

BF

+3.0 +I.4

+3.9 +33.2

+2.1 +15.2

i 3 2

BF FI BF FI FI

+O.4 +28.1 +1.7 +54.4

+3.5 +16.7 +3.2 +36.3

+2.0 +34.3 +1.8 +47.6

BF = Blood Flow and FI = Fatigue Index

4

BF FI

+3.2 +3o.4

+5.2 +30.6

+5.3 +25.7

5

BF FI

+4.8 +26 .O

+9.5 +18.3

+0.6 +46.7

6

BF FI

+3.5 +42.2

+7.4 +17.7

+2.3 +35.0

difference between prestress and poststress blood flow levels and effective

fatigue index was computed as the increase in spectral power in the low

frequencies resulting from the constant isometric contraction for one

minute.
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DISCUSSION

Previous research has shown that significant changes occur in skeletal

muscle electrical function after periods in a weightless state in space-

flight (LaFevers, et al, 1975, 1976). The question addressed in this study

was whether or not comparable results could be obtained frum skeletal mus-

cles subjected to 28 days of bedrest disuse.

In general, the results of this study agree with those of the previous

spaceflight studies mentioned, and wlth a number of laboratory studies that

have shown significant relationships between the stress of c©ntraction,

muscle electrical activity, and the functional states of skeletal muscle.

_keletal muscle fatigability, as defined by increases in spectral

power in the lower frequencies (Chaffln, 1969a, 1969b), was significantly

altered by the bedrest period. The data in Tables l, 2 and 3 provide evl-

de_ce that lengthy recumbency was associated with increased fatigability to

isomet_'ic stress. These findings, being in general agreement with the re-

sults from spaceflight studies, suggest a correlation between the changes

in muscle in spaceflight and the changes that occur in bedrest recumbency.

The exact mechanisms that cause this are unknown, but appear to be

comparable for both conditions. These mechanisms include alterations in

effective blood flow, decreased calcium and potassium supply at the muscle

level, _d greater potential potassium leakage from active fibers of disused

muscles. Fenn (1937) showed that potassium leakage occurs from active

fibers of muscle under normal conditions which is associated with greater

electrical activity, and Glaser, et al (1958) shewed that _otassium defic-

iency diminishes muscle excitability which, in frequency terms, means that

s_ectra! power is shifted toward lower frequencies. Of course, alterations

in the biochemical constituents in the body precipitated by recumbency, as

well as spaceflight, may change the internal milieu of the muscle sufficiently

to intensify the effects found for the normal condition. However, the idea

of one factor being responsible for the results obtained is questionable.

The restriction of blood flow to muscle has long been recognized as a

factor in fatigue buildup during muscular stress (Lippold, et al, 1960_

Myers, et al, 1968; Lind, 1959). Lind and collegues (1974) have shown that

during a muscle contraction, blood flow is greater _hen the subject is in
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a sitting position rather than recumbent. Assuming that diminished blood

flow contributes to the buildup of fatigability during a contraction and

therefore is a contributing factor to differential increases in spectral

power in the low frequencies of the spectrum (fatigue index), it should

follow from the Lind findings that low frequency band spectral power

should be generally smaller for the prebedrest and postbedrest measurements

in this study than for the inbedrest measurements because of better blood

flow during the seated condition. This was statistically confirmed in the

case of the gastrocnemius muscle. Inbedrest measurements of spectral power

in the low frequencies showed significantly higher levels than did either

the prebedrest or postbedrest measurements (_r = ll.6, p <.05). However,

the other three muscles did not show significant differences in the fatigue

index between conditions.

Several things could be responsible for the absence of expected diff-

erences. First, blood flow during contraction was not measured in this

study so the assumption of greater flow in the sitting position may not have

been correct. Second, the muscle stress task performed in the supine pos-

ition may have been sufficiently different from the sitting task to negate

more positive comparisons. Thirdly, the confounding effects of bedrest may

have been contributory.

A comparison of Tables 1 and 2 with Tables 4 and 5 provide evidence

that the inbedrest condition was different from the pre- and postbedrest

conditions. The inbedrest isometric stress simply did not provide as much

change in the fatigue index as did the non-recumbency conditions. Table 6

shows that the majority of subjects registered lower levels of effective

fatigue index during bedrest and this was related to an increased level of

blood flow as indicated by the change in blood flow immediately pre- to

immediately post-contraction. This suggests that changes in muscle elec-

trical activity associated with the disuse of recumbency may not have

shown their effects until a non-recumbency condition was assumed. It is

possible that the same suggestion is appropriate for spaceflight effects.

The finding that the effective fatigue index from the brachial biceps

was generally less during bedrest than before or after bedrest is inter-

esting because it appears to be in opposition to what would be expected from

blood flow results of the Lind investigation. In this study, there was the
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tendency for the fatigue index measured during contraction to be cor-

related with blood flow measured immediately pro- and post-contraction.

For example, from prebedrest to early bedrest, all six subjects registered

an increase in effective blood flow, measured pro- and post-contraction,

and five of the six subjects also registered a decrease in the effective

fatigue index, measured during the contraction. Four of five subjects

registered a decrease in blood flow from early bedrest to later bedrest

with three registering am increase in the fatigue index. From late bed-

rest to postbedrest, four of five subjects registered further decreases in

effective blood flow with three also registering further increases in

effective fatigue index. This suggests, without statistical verification,

that blood flow was a determinant of the magnitude of the fatigue index

sad that pre- and post-contraction measures of blood flow were represent-

ative of blood flow status during the submaximal contractions.
.....................

The results also suggest that bedrest effects may have altered vas-

cular efficiency in the muscle during contraction. Blood flow occlusion

has been shown to be related to onset of fatigue (Lippold, et al, 1960_

Myers, etal, 1968; Naess, et al, 1955). Ho,#ever, other research has shown

that occlusion due to intramuscular pressure during suhmaximal muscle con-

tractions probably does not occur (Lloyd, etal, 1970). Therefore, the

increased blood flows registered early in the recumbent phase of this study

should have and did result in decreased indexes of fatigue. However, as

the recumbency progressed, effective blood flow decreased and the effective

fatigue index increased -;hich carried over into the postbedrest period.

The decreases in electrical efficiency with bedrest are in agreement

with previous studies that have shown these effects after spaceflight. The

principal cause for decreases in electrical efficiency is motor unit re-

cruitment. As the fatiguing contraction is maintained, motor units in use

begin to fatigue. Central processes then intervene to command additional

motol" units into action to maintain the tension on the muscle. The re-

cruitment process results in increasingly greater electrical activity and

therefore a decreasing electrical efficiency index for the constant force

being held. Figures 8 and 9 show this process to be intensified after mus-

cles have been subjected to 28 days of bedrest disuse.
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Previous studies have shown a negative relationship between muscle

electrical efficiency and the spectral power fatigue index, that is, the

better the electrical efficiency, the smaller the fatigue index. As cited

above, continued recruitment attests to the fact that more and more motor

units are called upon to maintain the level of contraction which is related

to the incidence of synchronous firings among motor units as well as the

recruitment of larger, slower firing motor units. This assortment of

effects results in an increase of spectral power in low frequencies, i.e.,

a higher fatigue index. Of 36 statistical tests conducted across three of

the muscles correlating muscle electrical efficiency with the magnitude of

the fatigue index, 31 were in the negative direction and 18 of the 31

correlations were significant beyond the 5% level.

These results coupled with the analyses of variance cited previously

provide strong support for the conclusion that bedrest disuse was instru-

mental in degrading the normal capabilities of the skeletal muscles measured

in this study. There was the general trend for increased fatigability and

decreased electrical efficiency.
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The electrcmyograms (EMG) fram four skeletal muscles, the m. gas-

trocnemius, m. soleus, m. biceps brachii, and m. brachioradialis, on each

of six subjects were recorded during periods of iscmetric contraction under

recumbency and non-recumbency conditions. The recumbency period lasted for

28 days. Consonant _rith EMG measures were measures of limb blood flow

registered immediately pre- and post-contraction. The general findings

were as follows :

i. Lengthy recumbency was associated with increased muscle fatig-

ability to isometric contraction as measured by quantity of spectral power

in the low frequencies.

2. Lengthy recumbency was associated with decreased muscle electrical

efficiency which, in turn, was negatively related to magnitude of fatig-

ability, i.e., the less the electrical efficiency, the greater the fatig-

ability. Recumbency seemed to intensify the process of decreasing elec-

trical efficiency with continued contraction.

3. Changes in muscle electrical activity associated with recumbency

ma_ not show their effects until a non-recumbency condition is assu_ed.

The fatigue index was simply not as great during recumbency as before or

after recumbency in response to isometric stress. Although there was in

increase in maximum strength capability in the recumbent position, it

amounted only to 10% and this is not considered sufficient to explain the

differences noted.

h. Blood flow measured immediately pre- and post-contraction was

found to be greater during recumbency tha_ before or after recumbency.

5. The data suggest blood flow to be a determinant of the magnitude

of the fatigue index. The greater the blood flow, the smaller the fatigue

index.

6. In this study, at least, pre- and post-contraction blood flow

apparently mimicked rather closely the dynamic state during contraction.

The fatigue index measured during contraction was negatively related to

the pre- and post-contraction measures of blood flow.
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INTRODUCTION

Pre-, in- and postflight observations and data obtained

during the Skylab missions revealed a number of interrelated

clinical, behavioral and sensory-physiological responses pre-

sumably caused by exposure to the weightless space flight

environment. Alterations in susceptibility to motion sickness

were among the most significant of the changes manifested

(Graybiel et ai,1974). Upon initial entry into weightlessness,

five of the nine Skylab crewmen experienced symptoms charac-

teristic of mo_ion sickness. Symptoms ranged from mild

(stomach awareness) to severe (vomiting) and in most cases

persisted for three to five days. Adaptation to the weightless

environment occurred by approximately mission day seven for

all of the crewmen and subsequent tests utilizing the Skylab

MI31 Rotating Litter Chair showed surprisingly that all of the

crewmen had become virtually immune to experimentally induced

motion sickness. Of particular relevance to the present study

were the results of motion sensitivity tests conducted post-

flight. These tests revealed that relative to their pre-

flight baseline levels, all of the crewmen were somewhat less

susceptible to motion sickness during the postflight period.

Although considerable variability was present among the crew-

men, the magnitude and duration of this change was related in

a slightly positive fashion to the duration of 0-g exposure.

Also, in crewmen who did not take anti-motion sickness medi-

cation prior to splash-down, a brief period (8-24 hours)
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during which symptoms spontaneously occurred with head move-

ments, preceded the measured increase in tolerance to vesti-

bular stress. In all cases, continued post-flight testing

indicated that a return to approximate preflight levels of

susceptibility to Coriolis motion sickness did eventually

occur. A ntumber of hypotheses have been advanced to explain

the Skylab motion sickness findings, however, it is generally

agreed that available data are inadequate to unequivocally

define the mechanism or mechanisms underlying the changes

which occurred.

Related to the above findings was the observation that

all of the Skylab crewmen experienced a marked postflight

deficit in postural stability (Homick and Reschke, 1976).

Quantitative measurements indicated that the change was most

pronounced when the crewmen were deprived of visual cues and

were required to maintain a stable, upright posture solely on

the basis of vestibular and proprioceptive sensory inputs.

In all cases, complete recovery to preflight levels of pos-

rural equilibrium performance and locomotor ability occurred

within approximately ten days after splashdown. It has been

postulated that these changes were most likely the manifesta-

tion alterations in the central nervous system integration of

sensory inputs from the visual, vestibular, and proprioceptive

sensory modalities which had occurred during the weightless

space flight exposure. An increase in the Achilles tendon
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reflex and gastrocnemis muscle potential, as well as decreased

muscle strength and leg volume loss, may also have contributed

to the postflight changes observed in postural equilibrium

(Nicogossian et al, 1974; Thornton and Rummel, 1974).

Data obtained from the Skylab neurophysiology experiments

were generally limited and fell short of providing explanations

for the phenomena observed. It is recognized that much addi-

tional research using various experimental approaches is needed

to develop the information necessary to resolve the significant

questions raised by Skylab.

Among the experimental approaches that have received atten-

tion is the use of prolonged bedrest which in some respects may

represent a physiological analog of weightlessness. In a re-

cently completed bedrest study it was found that thresholds for

susceptibility to Coriolis motion sickness and postural equili-

brium were not significantly altered when measured immediately

following 14-days of continuous supine bedrest (Homick et al,

1975). The same study did reveal a slight hyperflexia of the

gastrocnemis muscle on the first post-bedrest test day. In

general, however, the results of the 14-day study bore meager

resemblence to the Skylab postflight findings and it was tenta-

tively concluded that supine bedrest does not produce the type

of peripheral and central nervous system adaptation processes

induced by exposure to zero-g. Such a conclusion must be
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tempered by the fact that the Skylab missions against which

the bedrest findings were compared ranged in duration from

28 to 84 days. Therefore the 14-day bedrest exposure may sim-

ply have been of insufficient duration to produce changes like

those observed following Skylab. In order to investigate the

effects of bedrest on sensory and neuromuscular system function

under exposure conditions which more closely approximate Skylab,

three separate but related experiments were performed in con-

junction with the 28-day NASA-Baylor College of Medicine bed-

rest study.

EXPERIMENT I: MOTION SICKNESS SUSCEPTIBILITY

Procedure

This portion of the study utilized procedures and hard-

ware identical to those developed for Skylab Experiment Ml31,

Human Vestibular Function.

Approximately one week prior to the first pre-bedrest

test each of the six subjects completed a motion experience

questionnaire. This questionnaire provided needed information

concerning the subject's motion sickness history, and was used

to calculate the rotating chair velocity for his first test.

Immediately prior to the first experimental session each sub-

ject was given instructions on how to recognize and report

his symptoms. During the test, the blindfolded subject was



I. 5

seated in the chair and rotated at the predetermined constant

velocity. While rotating, the subject executed standardized

head movement in the four cardinal directions (front, right,

back and left). These head movements were performed in sets,

each set consisting of five head movements. Each set was

separated by a 20 second period of no head movements. During

the test, the subject was carefully monitored for signs and

symptoms indicative of early motion sickness. A diagnostic

categorization of different levels of severity of experiment-

ally induced acute motion sickness (Graybiel et al, 1968) is

presented in Table I.i. Head movements were terminated when the

subject manifested a low grade motion sickness (referred to

as Malaise IIa) or after the performance of 150 head movements,

whichever occurred first. The entire test procedure was typi-

cally completed in 20 minutes or less. Additional details on

the hardware and procedures used to ascertain motion sickness

symptomatology are available in previously published reports

(Miller and Graybiel, 1970, 1973).

Immediately following the completion of head movements

and in conjunction with stopping the rotating chair an addi-

tional simple measurement was made to ascertain the subjects

sensitivity to angular motion. The procedure was analogous

to that used for post-rotary sensation cupulograms. The sub-

ject, with his head stationary and tilted slightly forward,

was required to verbally report the onset and cessation of
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of perceived counter-rotation associated with the chair de-

celeration stimulus. The duration of the after-sensation was

timed with a stop watch and recorded. The chair deceleration

was fixed at 4°/sec 2.

A minimum of four pre-bedrest tests were performed on

each subject. With the exception of minor scheduling vari-

ations identified in the results section of this report, these

tests we::e conducted at BR-24, BR-20, BR-14 and BR-7 days.

Post-bedrest data were obtained only on BR+I and BR+7 (BR+8

for Group II). In order to avoid possible confounding of

other test results the motion sickness susceptibility test

was always perforated following the daily completion of other

biomedical investigations included in the bedrest study.

Results

Pre- and post-bedrest test results for subjects 1-6 are

summarized in Tables 1.2-1.7 respectively. Dependent variables

included in each table are test day, chair velocity and direc-

tlon and the number of head movements required to reach the

M :Ia level of motion _ickness. Independent variables for

which data are listed include signs/symptomatology, total symp-

tom points, the Coriolis Sickness Susceptibility Index (CSSI)

and duration of the after-sensation of rotation.

The signs/symptomatology shown are those which were pre-

sent at the time the test was terminated on any given test
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day. They are listed from left to right in their approxi-

mate order of appearance during the course of a test session.

The total point values (i.e., the level of severity of induced

motion sickness) associated with the signs/symptoms experienced

are derived from the scheme presented in Table i.i. The CSSI,

which is a normalized value indicating the individual's sus-

ceptibility to motion sickness on a scale of 0-i00 (low values

indicate higher susceptibility), is obtained by multiplying

N x E where N is the number of head movements required to

reach M IIa and E is the relative stressor effect (E-Factor)

of a single head movement designed to evoke M IIa as a func-

tion of rotational velocity. Supportive data and details on

the rational for the CSSI scoring procedure are available

elsewhere (Miller and Graybiel, 1970).

Evaluation of the pre-bedrest CSSI scores indicates

somewhat higher than usual within subject variability. This

variability was most likely due to changes in criteria used

by the subjects to estimate the level of severity of symptoms

experienced. However, with the exception of subject i, this

group as a whole demonstrated average levels of susceptibility

to motion sickness relative to the general population of indi-

viduals tested by this method.

As indicated by the CSSI scores, when tested on BR+I

four of the subjects (subjects 3,4,5 and 6) showed slightly
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greater susceptibility to motion sickness relative to their

pre-bedrest base lines. This change was greatest in subject 5.

When tested again on BR+7 (BR+8 for Group II) subjects 2 and

6 were unexpectedly more susceptible than they had been on

BR+I or at any tithe pre-bedrest; subjects 3 and 5 were basic-

ally unchanged from BR+I and subject 4 had returned to his

pre-bedrest level of susceptibility. Possible reasons for

response variations observed post-bedrest will be discussed.

Within subject comparisons of pre- and post-bedrest

motion sickness symptomatology indicate that there were no

appreciable alterations in the type of symptoms expressed by

each subject. As would be expected subjective body warmth,

d_zziness, sweating and symptoms of an epigastric origin

[epigastric awareness, epigastric discomfort and nausea) were

dominent symptoms for most of the subjects. However, epigas-

tric symptoms were never reported by subject 1 and subject 5

experienced epigastric awareness only on BR+7. It is also of

interest to note that on BR-7, BR-1 and particularly on BR+I,

subject 1 reported a "head fullness" or increased pressure

sensation in the head and ears when executing forward head

movements. On BR+I this individual also reported a mild

popping sensation in his ears with forward head movements.

An, apparently similar sensation (head fullness) was reported

by subject 2 on BR+8.
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Subjective reports elicited from each of the subjects

on BR+0 indicated that none experienced any type of spatial

disorientation while in bed or post-bedrest. Three of the

subjects (subjects i, 2 and 4) reported experiencing very

slight dizziness with rapid head turns on BR+0. One subject

(number 3) experienced mild motion sickness while being trans-

ported by motor vehicle from the bedrest facility at the Baylor

College of Medicine to the test laboratory at the Johnson Space

Center. This malaise, sometines apparently bordeiing on nausea,

was present until approximately BR+2.

In figure 1.1 the duration of after-sensation of rotation

is plotted as a function of test day for each subject. Vis-

ual inspection of these data indicates no overall trends. It

will be noted that compared to the group as a whole, subject

4 consistently reported longer after-sensation durations.

Subject 1 proved to be almost totally resistent to the

dqvelopment of motion sickness. This immunity is apparently

due to pronounced degradation of normal vestibular function

caused by the adminsitration of the ototoxic drug streptomycin

sulfate to treat a middle ear infection earlier in his life.

This subject did consent to several diagnostic tests of inner

ear function which were performed following the conclusion of

the standard post-bedrest test protocols. These special tests

included a pure tone audiogram, a cupulogram and caloric
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irrigation. A description of the test protocols and the

results obtained are provided in Appendix A.

Discussion

Not unlike the results of the 14-day bedrest study, the

post-bedrest increase in susceptibility to Coriolis motion

sickness measured in four of the subjects in the present study

were small in magnitude and of questionable significance. In-

deed, t_e changes observed may be accounted for in part by

normal response variablilty encountered with testing of this

type. Also, the possibility that one or more of the subjects

may have over stated symptoms post-bedrest in order to termi-

nate the test prematurely cannot be overlooked. Finally, in

considering the significance of the subject's post-bedrest

responses a distinction must be made between symptoms of motion

sickness having their etiology in the vestibular system and

symptoms characteristic of motion sickness, but not of vesti-

bular origin. For example the symptoms experienced by subject

3 on BR+0 and BR+I may not have been the result of vestibular

hypersensitivity, but instead the result of a generalized

autonomic nervous system response to the various physigal

stresses encountered during the first 24-28 hours after termina-

tion of bedrest. Such non-vestibular influences may also ac-

count for some o$ the response change observed in several of

the other subjects. Despite these uncertainties the results

of this experiment do indicate rather clearly that 28-days

supine bedrest does not significantly alter ones susceptibility
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to experimentally induced motion sickness.

A direct comparison between the present study and the

Skylab 2 post-flight results is not entirely valid for several

reasons. First, it must be remembered that the Skylab crew

was recovered at sea under conditions condusive to the produc-

tion of motion sickness. Secondly, the post-exposure test

times were not identical for the two situations. Finally, the

Skylab crewmen had periodic inflight exposure to the rotating

chair test, as well as other vestibular stimulation, and there-

fore had opportunities to acquire or at least maintain some

degree of vestibular adaptation during flight. The bedrest

subjects had no such opportunities. With these facts in mind

it may be only generally stated that the post-bedrest tests

did not yield results like those typically obtained following

the Skylab missions. Most notably, the striking post-flight

decrease in susceptibility seen in most of the Skylab crewmen

was not exhibited by the bedrest subjects.

Aside from the dissimilarities between the two test

situations, these findings are not unexpected if one accepts

the postulation that alterations in otolith function were pri-

marily responsible for the post-flight changes in the Skylab

crewmen. In the absence of gravity, the otoliths, or the CNS

intergration of otolith generated sensory input, could be ex-

pected to undergo significant change. Such would not be the
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case in individuals bed-rested in a l-g environment.

TO conclude unequivocally at this time, that supine bed-

rest does not result in sensory physiological alterations like

those produced by prolonged exposure to weightless space flight

would be premature. The Skylab missions ranged from 28 to 84

days duration, whereas, the exposure to supine bedrest in the

present study was only 28-days in duration. It is conceivable

that longer supine bedrest might result in alterations more

analogous to those seen following Skylab. Also, because of the

potential etiological significance of fluid shifts in space

motion sickness, the effects of weightlessness might be better

simulated by head-down tilt bedrest rather than horizontal

bedrest. Such a study has yet to be done.

EXPERIMENT 2: VESTIBULO-SPINAL REFLEX

Method

Instrumentation

A one millisecond pulse was generated by a Grass Model

S 44 stimulus generator, and delivered to the subject's leg

through a Grass photo electric stimulus isolation unit

[Model PSiV6B). Stimulus current was limited to i0 ma.

Pulse amplitude was between i0 and 150 V, delivered at three

second intervals. This pulse was negative going with respect

to a silver plate anode (3 x 5 cm) placed over the patella.

The cathode was a 1 cm silver disc (Beckman 16 mm electrode)
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placed over the tibial nerve in the popliteal fossa. The

general arrangement used for both stimulation and recording

was that described by Hugon (1973).

Recording electrodes (Beckman, Ag/AgCl: 16 mm) were placed

over the soleus muscle, on the mid dorsal surface of the leg,

above the junction of the achilles tendon and gastrocnemius

muscle. The active electrode was uppermost, and the reference

was placed about 3 cm below. The leg was restrained using

an inflatable splint, and the foot fixed in a restraint. The

subject lay in a supine position, with the head and neck hori-

zontal. The myographic potential was delivered to a high

impedence probe (Grass Model 741P5D) and amplified by a Grass

Model 7P511G EEG amplifier. Individual responses were moni-

tored on a Tektronix Model 7313 storage oscilloscope, triggered

by an independent synch signal generated by the Grass stimu-

lator. This trigger signal, the myographic response, and time

signals were recorded on analog magnetic tape. A Systron-Donner

Model 8150 time-code generator/reader provided the time signals.

Procedure

The recording electrodes and the stimulus anode plate

were placed in position, and the signal from soleus activity

visualized while a probe was used to locate the optimum loca-

tion for the cathode in the popliteal fossa. Once this loca-

tion was determined, the stimulus electrode was placed in posi-

tion. Soft rubber straps attached to a rigid plate over the

electrode were passed around the leg to apply pressure and
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improve contact with the nerve trunk.

Once a satisfactory response was obtained, a rapid scan

was made to determine the range of intensities to be used for

data collection. The magnitude of voltage increment used dur-

ing any series was chosen to provide an adequate sampling of

the dynamic range of the response, from just below visual thres-

hold to saturation of the response.

Ten samples were recorded at each stimulus level used,

with the first two in any series discarded, and the remaining

eight used for subsequent analysis. Six complete data sets

were obtained for each subject, three before, and three after

bedrest. For the first group these were: BR-8, -7, -i, +0,

+2, +8; and for the second group: BR-14, -7, -i, +0, +2, +7.

These data were digitized from analog tape, and analyzed on a

Varian 620F computer.

Results

A typical response series is shown in Figure 2.1. Each

trace represents the averaged response to eight successive

stimulus presentations at the same level. Seventeen such traces

are presented, representing the full dynamic range of the re-

sponse from below threshold to saturation of the M component,

using 4V increments from 24V to 56V. These data may be con-

veniently summarized in a recruitment plot, Figur_ 2.2. It can

be seen from these figures that the H component has the lower
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threshold, recruits rapidly with increases in stimulus level,

and decreases in amplitude with further increases in stimulus

level, once the threshold for direct stimulation of the efferent

motor units is achieved. Figure 2.3 summarizes the individual

data for each test day and subject, in the form of recruitment

curves. Amplitudes of the H component are expressed throughout

as a percentage of the peak amplitude of the M component.

Peak values of H (in M-max percentage units) for each

subject and test day are presented in table 2.1. These are

summarized in table 2.2 as averages for each subject before

and after bedrest. A small decrease in the mean amplitude of

peak H was observed after bedrest but this was not significant,

(it=i,699, df=5;p>.05).

An analysis of the trading relationship between H and

M was made, using a regression of H on M. This may be visual-

ized by plotting H against M - Figure 2.4. The recruitment of H

in the absence of M produces in these plots a steeply rising

line, followed, in a typical case, by a negative slope produced

by the trading relationship between H and M. The slope re-

flects relative changes in the amplitudes of H and M, and so devia-

tions from a linear trading relationship is reflected in slope

changes. Correlation performed on the data lying between H

max and M max provide a convenient measure of these deviations,

while slope changes from test-day to test-day provide a means

for monitoring changes in the H-M trade-off. Individual linear

regression analyses were computed on each data set (subjects
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X days) for those values between K max and M max. The slopes

computed from these are presented in table 2.3. Examination

of this table together with Figures 2.3 and 2.4 will show that

subject #3 (R.T.) produced responses unlike any of the other

subjects. _n general the correlation coefficients and slopes

of the regression lines were negative while this subject pro-

duced pos'tive slopes and correlations. A t-test on the slopes

of the recression lines revealed no significant change in the

nature of the trade-off before and after bedrest (t=i.177, df=4;

p=>.05). The data from subject #3 was not included in this

computation. Table 2.4 presents the correlations obtained

from the regression analyses.

Discussion

The results of this experiment were inconclusive. It

was our intention to demonstrate changes in vestibulo-spinal

reflex patterns, and relate these to postural ataxia problems

and other myographic observations obtained following the Skylab

flights.

Long term space flight and exposure to prolonged periods

of weightlessness, as experienced during Skylab, tend to gen-

erate a hyper-reflexia. This finding observed together with an

increase in postural instability following Skylab support a

concept which suggested that central neural reorganization

occured in response to environmental change. That is, a modifi-

cation of a l-g environment dependent memory store may have
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occured that required restructuring of the vestibular "pattern

center" upon return from weightlessness.

The previous 14-day bedrest investigation indicated a

direct and immediate increase in amplitude of an evoked Achilles

tendon reflex on BR+0. While this finding was in agreement

with the Skylab myographic studies, it did not permit, as was

hoped, further explanation of the Skylab postural ataxia data,

nor did it allow for evaluation of bedrest as a method to study

physiological changes which may be analogous to those induced

through exposure to prolonged periods of weightlessness.

To overcome some of these objections, and to allow for

further evaluation of the questions which came from the Skylab

postural ataxia data, the Hoffman reflex was chosen as a quanti-

tative tool for the 28-day bedrest test. However, the results

were inconsistent and suggest that two basic conclusions be

considered. First, methodolgies for long term studies of se-

lected individuals with the H-reflex must be well standardized.

Electrode placement is difficult both in the soleus muscle and

over the tibial nerve. Small differences between each experi-

mental run could account for vast differences in the recorded

data. So while the methodology is sufficient for acute experi-

mentation, careful consideration will be necessary for more

longitudinal work. Second, these data support the conclusion

from Experiment 1 (Motion Sickness Susceptibility) that supine
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bedrest does not produce sensory physiological alterations

like those which may result from prolonged exposure to weight-

less space flight. Based on our parabolic flight data, and

the projected response of the spinal vestibular motoneuron

pool response to long term zero-g exposure, it would be pre-

mature to view bedrest as an appropriate analog for prolonged

exposure to weightlessness or as an adequate method of inducing

vestibular adaptation and subsequent sensory re_earning.

EXPm.RIMENT 3: POSTURAL EQUILIBRIUM

Methods

Pre- and post-bedrest postural equilibrium performance

was assessed simultaneously by two different methods. Each

is described separately.

Rail Balancin_

The primary method used was a modified version of a

standard laboratory test procedure developed by Graybiel and

Fregly (1966) and was identical to the approach used to eval-

uate pre- and post-flight postural equilibrium of Skylab astro-

nauts. The test employed a set of narrow metal rails on which

the subject was required to balance while maintaining an up-

right posture with his feet randomly aligned and arms folded

across his chest. The rails were .75, 1.25, 1.75, and 2.25

inches wide. In addition, a 4" x 30" section of tape served

as the foot-guide alignment when the subject was required to
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stand on the floor. Each subject was fitted with military-

type shoes for this test, to rule out differences in footwear

as a variable. Performance on this task was measured under

two sets of conditions. In the first, the subject was required

to balance on the rail (or floor) with his eyes open. In the

second condition, he attempted to balance with his eyes closed.

In both cases, performance was scored in terms of time ( in

seconds) on the rail before losing balance. On a given rail

siie, three test trials with a maximum required duration of

50 seconds each were allowed. If the time limit was reached in

the first'£wo trial's, a third was not performed, and a perfect

score of 100 seconds was recorded. If the subject failed to

obtain a perfect score, the two largest time values for the

three trials were surmmed to obtain the final scqre. Elapsed

time for each trial was registered on a digital clock which was

started, stopped and reset by the experimenter. Trial dura-

tion was also recorded on a 3-channel Brush strip chart recorder.

During a test session, a minimum of two rail sizes were used

in both the eyes open and eyes closed conditions.

Sway Measurement

Postural sway has long been recognized as a phenonmenon

which could potentialy yield informition on the complex reflex

pathways which govern motor function. Sway testing of patients

with suspected disruptions in proprioception and vestibular

function has been conducted since the days of Romberg with
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increasing sophistication. Most commonly these measurements

are used to map the projection of the subject's center of grav-

ity on his base of support without regard to the position of

individual body links.

Concomitant with the rail balancing test a special sway

measurement technique was used to assess possible Mechanisms

by which the subjects maintained balance on the test rails

before a_d after bedrest. As the subject attempted to main-

tain his balance on the rails, the position of his hips and

_houl_ers were manitore_ in the plane perpendicular to the

rail. With this information, the mechanism u_ed h M each s_b-

ject to keep his center of gravity over his base of support

could be analyzed. It was hypothesized that two major methods

would be observed.

i. The body would remain rigid and act as an inverted

pendulum with the major forces for correction coming

from torques applied around the ankles.

2. The hips would thrust from side to side moving the

center of gravity to the side opposite the deviation

from the upright thus producing a corrective torque

around the base of support.

The instrumentation chosen for this study was the Reticon

Corporation digital l_ne scan camera. The heart of the camera

is a high density monolithic linear array of silicon phot_diodes.
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Depending on the amount of light falling on them, the photodiodes

pass varying amounts of current into capacitors integrated into

the device. The voltage on each capacitor was read of sequently

by a sense amplifier multiplexed to the array members. For the

present application, there were 512 diodes in the array and

each capacitor was read every .01 sec. The camera electronics

provided for logic compatibility by a threshold detection of

the capacitor voltage readouts, a logic level which defined the

beginning of the sweep, and a clock pulse which defined the

time at which the multiplexer stepped to the next diode. When

a subject appeared as a silhouette against a light background,

the threshold output of the camera was in one state when scan-

ning the background and in the other when viewing the subject.

The interface for the camera consisted only of a logical circuit

which identified the subject image in the scan and calculated

the average position between the leading and trailing edges of

the subject image. The resolution of this determination was

1 part in 1024. To obtain analog tape recorder compatibility

and portability, a digital to analog converter was used to con-

vert the average position count to an analog voltage.

With two cameras mounted over one another, one viewing a

line at the level of the hips and the other at shoulder level,

we were able to record movements of two body links as the sub-

ject (standing erect with arms folded) attempted to maintain

his balance on the rails. After each test session, the data

were digitized and analyzed using digital signal processing
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techniques, lhese techniques were applied to the data to

determine individual subject differences and changes in pos-

rural mechanisms between the pre- and post-bedrest testing

sessions.

For each of the six subjects the combined rail balancing-

sway measurement test procedure was conducted four times pre-

bedrest and three times post-bedrest. Test days were as follows-

Group I: BR-24, -20, -7, -i, +0, +2 and +7; Group II: BR-26,

-20, -7, -i, +0, +2 and +8. The total duration of this test

did not exceed 25 minutes. This test procedure typically

i/_mediately followed the vestibulo-spinal reflex measurement

procedure.

Results

Rail Balancing

Pre- and post-bedrest rail test data for subjects 1-6

are presented in Figures 3.1 - 3.6, respectively. In these

figures, eyes open and eyes closed postural equilibrium per-

formance on each of the rail sizes used, plus the floor, is

plotted as a function of test day. The standard error of the

mean was selected as a descriptor of the variance in the pre-

bedrest data and is indicated by the dashed lines in the fig-

ures. The solid horizontal line in the figures is the mean of

the pre-bedrest performance scores. Where there is obviously

little variance in the pre-bedrest data neither the mean nor

the standard error are shown.
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During the pre-bedrest test period this group of subjects,

with the exception of subject i, exhibited exceptional postural

equilibrium performance. Subjects 4 and 6 showed particularly

outstanding ability to balance on the test rails during the

eyes closed Oondition. Visual inspection of the figures indi-

cates that during the pre-bedrest period four of the subjects

(2, 3, 4 and 6) showed an overall trend toward better perfor-

mance on successive test days suggesting that learning was

occuring.

Subject 1 demonstrated remarkably poor performance on

this task. In fact he was almost unable to stand on the floor

with his eyes closed. His performance was reminescent of the

difficulty Skylab astronauts had with this task immediately

after they returned from-59 or 84 days in weightlessness. As

noted earlier, it may be assumed that this individual's poor

balancing ability is the direct result of streptomycin destruc-

tion of vestibular sensory epithelium.

When tested on BR+0 subjects 4 and 5 showed a moderate

deficit and subject 6 a slight deficit on both the eyes open

and "eyes closed balancing tasks. Subjects 2 and 3 demonstrated

a very slight deficit on only the eyes open portion of the task.

Subject 1 showed no change relative to his prelbedrest perfor-

mance. Despite some variability, particular in subject 2, it

may be seen that there was a general trend toward improved

performance on BR+2. On the last post-bedrest test day this
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trend continued for subjects 2 and 4, while cu/iously sub]ects

i, 3 an,_ 5 d_=_:,onstrated a reversal toward somewhat poorer per-

_ormance. In nu case, however, did their BR+7 (or BR+8) score

fall b<:low their worst pre-bedrest score for a given rail size.

Sway Measurement

Data ana2ysis was applied only to data obtained in trials

where successful balance was maintained for time periods over

25.5 seconds. These records were analyzed for three factors:

i. The standard deviation of the shoulders over _e test

pe riod.

2. The standard deviation of the hips over the test period.

3. The cross-correlation function between the shoulders

and the hips over the test period.

The two standard deviation quantities were calculated on an

arbitrary scale but was consistent among all of the trials -

and sessions. The cross-correlation functions were broken

into three categories.

a) Positive at or near the zero shift value.

b) Negative at or near the zero shift value.

c) Passes from negative to positive at or near the

zero shift value.

Examples of these three types of cross-correlation functions

are shown in Figure 3.7. Although other patterns might be

imagined they did not appear. The significance of these three

cross-correlation function types are respectively: a) inverted

pendulum action, b) out of phase thrusting of the hips and
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c) 90 degree phase movement which could be subjectively de-

scribed as a snaking motion.

Once the important parameters were calculated for all

trials which lasted for at least 25.6 seconds, they were tabu-

lated into a single computer file which allowed access to the

entire sway measurement data base. Table 3.1 is a reproduction

of the data base. The important information given in the table

for each trial is:

i. Subject number.

2. Day relative to start and finish of bedrest.

3. Eyes open or closed.

4. Rail width.

5. Standard deviation of shoulders.

6. Standard deviation of hips.

7. Type of cross-correlation.

8. Time of cross-correlation.

The last item on the list was not used in the analysis of these

data but may be of some significance as more is understood

about th@ dynamics of postural control.

By careful examination of the data base, one can observe

that the trends in the rail score data apparently caused by

learning also appear in the camera data. Exact tabulation of

these trends were not attempted for this analysis because in-

sufficient trials over 25.6 seconds existed to seperate out

individual sessions and still leave a large enough statistical
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sample for each stimulus condition. If the pre-bedrest and

the post-bedrest days are reduced to just two classes (pre

and post) then the total number of experimental conditiQns

is only 16 obtained from:

a) Fo_tr rail sizes.

b) Eyes open and eyes closed.

c) Pre- a/%d post-bedrest

Table 3.2 is an analysis of which condition classes among

these 16 condition classes are most popul_ted.

If one examines Table 3.2 and ignores subject i, then it

appears that the most significant quantity of data fall into

just eight conditions:

1-4) Rail width 1.25 and 1.75 inches with eyes open pre-

and pos t-bedrest.

5-8) Rail width 2.25 and 4.00 inches with _yes closed pre-

and post-bedrest.

These conditions are bracketed in Table 3.2 under "Summary of

Stimulus Conditions for all Subjects."

Figures 3.8 and 3.9 summarize all of the analyzed data

for the eight conditions identified above. The data in the

graphs are arranged in histogram form with all of the subjects

combined iDto one data base. The abscissa of each graph is

the standard deviation of shoulder or hip movement. The or-

dinate is t_e number of tri_is within the class which are in

a given standard deviation interval. Each individual trial
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has been recorded with a symbol which indicates the type of

cross-correlation function which was calculated from the data.

+ - positive

0 - alternate

- - negative

Below each histogram the subject numbers are positioned to in-

dicate the average standard deviation for the subject. A "T"

is positioned at the average value for the entire condition

class.

There are a number of general observations which can be

made with the aid of figures 3.8 and 3.9.

i. Hip movement is generally smaller than shoulder

movemen t.

2. No significant difference could be detected between

pre- and post-bedrest data classified as they are.

3. Large deviations were generally associated with the

negative type of cross-correlation function.

" 4. The best control with eyes open on the narrow rails

was with the alternating cross-correlation function

type.

5. The best control with eyes closed on the wide rails

was with the positive cross-correlation function type.

6. From the standpoint of suocess at staying on the rail,

large deviations and negative type cross-correlation

does not mean failure. It only indicates the type of

stabilization used.
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In addition to the rail balancing and sway measurement

data, subjective experiences reported by the subjects arenote-

worthy. Several of the subjects reported mild dizziness with

rapid head turns on R+0 and most of them indicated experiencing

a tendency to lean to the outside when walking around corners.

Similar R+0 experiences were reported by Skylab astronauts, as

well as subjects who participated in the 14-day bedrest study.

Also all of the subjects complained, especially on the BR+2

test day, of sore feet and calf muscles. This condition

appeared not tG have affected their ability to balance on the

test rails, however.

Discussion

The static rail balancing test procedure used in this

experiment revealed only short-lived and functionally insig-

nificant alterations in post-bedrest postural equilibrium per-

formance. As might be expected from previous situations where

the rail test was used, observed changes tended to be somewhat

greater when the subject was deprived of visual cues.

No firm conclusions regarding the comparability of supine

bedrest and weightlessness in producing neuro-muscular system

modification can be drawn from this experiment. This is true

in part because of the significantly longer duration of the

Skylab missions from which data are available. Twenty-eight

days supine bedrest may be insufficient time for the sensory

and particularly neuro-muscular system alterations presumed
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responsible for the Skylab postflight postural disturbances

to occur. More importantly, however, it must be recognized

that sensory system modification during bedrest should include

little if an otolithic contribution regardless of the duration

of bedrest. Assuming this to be true, the total patterning

of sensory system modification should be different for periods

of exposure to bedrest and weightlessness of equal duration.

Therefore, even if equal periods of bedrest and weightlessness

produced highly similar changes in postural responses the under-

lying causes could be quite different.

The addition of sway measurement to the basic rail test

did not significantly increase the yield of this experiment

as organized. These measurements did, however, support the

finding of the basic rail test. That is, no significant post-

bedrest changes were detected.

When considering the value of the body sway measurement,

one must keep in mind that no special modification of the rail

test was made to accommodate this additional measurement pro-

cedure. The basic strategy of test condition presentation in

the rail test was to span the range between low time totals

(where the subjects were challenged) and long total times (where

the subjects were not challenged). The best strategy for sway

measurements however, would be to present conditions which

allow good balance for at least 20 seconds for almost all trials.

A number of trials could then be taken in a smaller time
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interval then was required for the rail test. Also, for the

present experiment no instructions were given which caused

the subjects to minimize their total body sway. This may very

• well have biased subject 2 to appear to have poorer perfor-

mance on the narrow rails than the other subjects. He did a

good 3ob of staying on the rails but he did it with signifi-

cantly more motion of a negative cross-correlation nature.

It is evident from these sway test results that the me-

chanism of balance is a function of what the subject has avail-

able to him in terms of sensory cues and possibilities for

torque application. Testing with eyes closed on a wide base

of support allows the s_bject to use torque applied at the

ankle to control his balance. If that ankle torque possibility

is taken away from him, there will be thrusting of the hips

to dynamically accomplish the same goal. It also appears that

better control is maintained on narrow rails by using a mode

of control which produces the alternating cross-correlation

f_nction type. This makes sense from a control theory point

of view because 180 degree phase shifts between shoulders and

hips can only perpetuate themselves where as a 90 degree phase

shift situation tends to damp out the instabilities.

Finally, as previously noted, all of the subjects in this

experiment did exhibit some ataxia on BR+0 even though rail

performance was generally good. This finding indicates that

the static rail balancing test may have been insensitive to a
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change that was present. It is suggested therefore that in

future test situations of this type a dynamic balancing task

(e.g., balancing on an unstable platform) should be utilized.

The assessment of postural equilibrium under dynamic test con-

ditions, particularly with the use of quantitative body sway

measurement techniques, should yield more meaningful results.

SUMMARY AND CONCLUSION

The three experiments included in the present study were

designed primarily to determine if prolonged supine bedrest

produces neuro-sensory and neuro-muscular functional alterations

like those observed in Skylab crewmen following their long

duration exposure to weightless space flight.

Experiment i, which examined pre- and post-bedrest suscep-

tibility to motion sickness, revealed only small and insignifi-

cant increases in susceptibility in a majority of the subjects

on the BR+I test day. These changes could be largely accounted

for by factors other than alterations in vestibular system

function. Experiment 2 demonstrated a slight trend toward in-

creased vestibulo-spinal reflex excitability in approximately

half of the test subjects on BR+0, but the data were inconclusiwe.

Experiment 3, which was designed to assess pre- and post-bedrest

posture equilibrium, revealed that five of the six subjects

had a slight deficit in rail balancing ability on BR+0. How-

ever, there was generally no sharp distinction between the eyes

open and eyes closed test conditions and in most cases recovery
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was nearly complete by BR+2. Also, the sway measurements which

utilized the digital scan cameras indicated no significant

changes post-bedrest.

On the basis of data obtained from each of the three ex-

periments it may be tentatively concluded that with regard to

sensory physiological processes supine bedrest does not pro-

vide a valid analog of weightlessness of equivalent duration.

Whether or not this conclusion could be applied to all human

sensory physiological processes is a matter of conjecture,

but it would appear to apply to those responses investigated

in the present series of experiments.

As suggested earlier in this report, the lack of any mean-

ingful correlation between these bedrest study results and the

Skylab post-flight findings is not surprising if one considers

the mechanisms presumably responsible for the Skylab postflight

changes. During the Skylab missions it is most probable that

significant adaptive changes involving the otolith receptors

occurred. Included, as a result of altered otolith activity,

would have been modifications in the central nervous system

processing of sensory information which were appropriate for

the zero-g environment. Such modifications, however, were

inappropriate for normal functioning in !-g. Hence, upon re-

turn to l-g, the crewmen manifested response changes, most

notably altered motion sickness susceptibility and postural

instability, which gradually diminished and disappeared as
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they re-adapted to the l-g environment.

Such adaptive changes involving the otoliths and other

gravi-receptors would not be expected in subjects undergoing

supine bedrest in a l-g environment. Therefore, the lack of

significant changes following bedrest should not be too unex-

pected, Even if significant sensory physiological response

changes did occur following bedrest of durations greater than

28-days, it is unlikely that the underlying causes would be

the same as those associated with exposure to weightless

space flight. A possible, but unlikely exception to this line

of reasoning, might be head-down tilt bedrest where vestibular

function may be influenced by body fluid shifts.

Aside from any comparisons with Skylab findings, the

failure to detect any meaningful post-bedrest alteration in

sensory physiological function is perhaps by itself of some

significance. In other words, contrary to what one may in-

tuitively think about possible debilitating effects of being

continuously confined to bed for one month, normal, healthy

individuals are resilient and not too adversly affected by

the experience.
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List of Figures

Figure i.i Duration of post-rotary after-sensation plotted

as a function of test day for each subject.

Figure 2.1 Each trace represents the averaged response to

eight stimulus presentations. Stimulus range

used was 24 volts (below threshold) to 56 volts,

in two volt increments.

Figure 2.2 Recruitment curve plotted from the data of Figure

2.1. H and M amplitudes are plotted as function

of stimulus voltage level. Amplitudes of both H

and M are expressed as a percentage of the maximum

H amplitude.

Figure 2.3 Recruitment curves summarizing the data from each

subject on each day, plotted as in Figure 2.2.

Figure 2.4 Plot of H amplitude against M amplitude for each

voltage level. The plots emphasize the nature of

the tracking relationship between H and M ampli-

tudes, from H-max to M-max. A straight line with

a negative slope indicates a smooth proportional

reduction in H amplitude, as M amplitude increases

with increases in stimulus voltage. This may be

seen to be the typical. In some cases, deviations

from a straight line occur, indicating an irregular
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Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

trading relationship. The correlation coefficient

associated with the regression of H or M provides
m

an index of the magnitude of this deviation.

Pre- and post-bedrest rail balanclng performance

for subject i.

Pre- and post-bedrest rail balanclng performance

for subject 2.

Pre- and post-bedrest rail balancing performance

for subject 3.

Pre- and post-bedrest rail balanczng performance

for subject 4.

Pre- and post bedrest rail balancing performance

for subject 5.

Pre- and post-bedrest rail balanclng performance

for subject 6.

Illustration of the three type of cross-correlation

functions derived from the sway measurement data.

Histograms of the number of test trials which occurred

within a given standard deviation interval for the

pre- and post-bedrest eyes open test conditions on

the 1.25" and 1.75" wide rails. Hip and shoulder data

are shown separately. The symbols used represent
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the type of computed cross-correlation function

for each trial (+ : positive, - : negative, 0:

alternating). Subject numbers are positioned to

represent the average standard deviation for that

subject. A "T" is positioned at the average value

for the entire condition class.

Figure 3.9 Histograms of the number of test trials which oc-

curred within a give standard deviation interval

for the pre- and post-bedrest e__yes closed test

conditions on the 2.25" and 4.0" (floor) test rails.

Other descriptors are the same as those in Figure

3.8.





-%-

LL.

o

/
• . l I I
0 0

of._

I I

0





I_1.

°

I--
Z
WZ
U

W_

W
m

I--
V_

m
-"N

O
m_





t IF., _"\ I r-"!
',,,,_ J i-=_ __ . . j _-,,>

 f.o ,-..
= ! = ';!

=

I-"--F'_I"-"'-'I"-W I i I i ' In I I i I I u I i , '

ll_ el II ii Ii ii el, ii •
,,, II ...... - - _ t $ t. ; Ill t A _ -,"

"i ii

il-- j , tE_,_

. =

-=
i-"

r--T----I 1 ' 1 I ' i I I I £ I "'i l I I I i _ : '

-! t / F!

-._ [ F:l_

71 '
r---T- "-f "" - ! ! I ! ! ! !

I
Ill

il

I" I I I I I I' I

!f i t _ S li ; _ "., "-

ll

.4



_o/1

!

t:E

-.-.

! ! I I I I I I i I I t _ I I I l I l I

o o _e i • • • • •

El :_

o_

I-..
| '| I I I i i I I I [ I ! l I I I I I !

• b* .

i " It -

[-:

to _t

, o ilo

I . I ! I ' [ ] I t I I 1 [ I - I I | I _ I



!

" I •__m
. _ --i

-'_.

_ __

s -Z

• I ! -T"-- I I I I' I I J .' i i i I i i I i''

II o _ • o • • • • a _ • ql • o si. o • • •91 llb • i_ _ ii t i.i l_ ,,4

• 0 ii o i_. ,o o _ l,l N .0 l-

"! |i

I,, El

4b-i_ -:_

r-"T----F--T-I , , -1-- I , I . _, _ I II _ g r,

I . . - - - - - - " . " _=

!- I,
" --i -!

_ -._. _; "_
_- _.._ --"

P'-'I----'I_ ! I ! " r I I I

-II

Ill

l I I I I II I I :

I.II

-0

t_

LC



+:o

llil

.!

-:|

:!

L2.





)

,e4

q-I

.| 2 Z _• -• .," •o -* " "

r I

/

-Z

-g

,-'g
w_

.!

g

-z i

• • • ••* g . . g ." . . ".

• z

_ . : ..... o

\

W
r

-a

$

co
2.

_J
el

¢D

-I*

/
* *" 2 • •

s

f_

t*,g

.!

g

.,2
m

-2!

-Z

-2

-i-m

.I

-2

,i

-I

d
*.6



..... lJ'=

,,,'4
"SL"
l"%l
Z

['j_Wlllll.l

z

_z

we
zlL

I

• I

-Z

Q.

/ 7"• :|

ol

_L

I I I

ix.

J' I _' ; I ! I |

.!i

_!
-i

-i

"_

-ll

f!'
',1-

|

! I I I : i I I

r

flTliltlll

£.

-!
-I

-II

-,,e.•

-i

-II i_

G,.

i
r--

• I:i

l

_z

ll,t.. _l



Illlllllll

.1 1 1 * _ 1 ? * 1_..

wl

ii

!-
M
,I-

i
| ]l r

.| l I ".. * _ *- J Z .0

.%
¥.

==|

|

-|

-3

-E

-I

-11

.!

-I

.g

-=

--'i

! I I r , I _ I " ;

_t

Z

I

-z

:i

-Z

o

f;=

:|

if'
$ ". ".." ." I *" -" -* -"

.

W

I"

P'I

Z

.-- .4

r"
T

.I I ; .* ". g * ." ." *.

Q

[ J |

I I

,,;1

-o

-1

_l

I

-: i
! I

L:"

i--"
J



o

[lllfrilll

Ic
ZLK

-!

-|

-$

-I

-Z

-I

t

o.

z

I

-I

-I

-I

,,J

|llLtiilll

_ = = o = = = ° = °

IE

_c

.,o.

wt

_G
z_E

S ,

L:,
i I

I:i
• ]-I

N
O.

'.Jr-

I I i

I I l - l I • " " °

z&t

-I

-I

-I

J

q.

11-
_r
-r .

_.----r-_;ittl

_c

I

-I

-I

o

-I

_e.

-I

o,.

,.r

[llllIIllt

I I l = I I = - " "

i,
a_
_c

z_z

I

-I

-I

-I
I

-I i



I

. !

E

" r--'--'r--:"_--_ _ _
=-

2 I ° ° .., t ° _

E:

• !.

/ _r-

v

iT)

• . L'

! z

• !

,,.?...

T.. _' = = =.= ; Z -.,=.

N

//)
"T

I _ i' !

!= ; : = = :- : ;

Ill

.!

-=

o

-=

=i

blL

o

o

"I"

il."
-!

oQ,

bll

I : , T , i , , I I

,'|

o.



=

_4
E

Z

_0
_r

1,4

Z

f---I I I I I _ i I I

-!
-Z

-I

-S

/

--r- r I

_t
a_
wt

wLI

S

"0

-I

-I

-I

/
/

r" I i i i | I I i I

$ I I _" : .: $ I P. =.

.ii

-t

-I

-I

-S

0..
,,o
z

f--__;--r|!'i!

Q.

,,I-

I f I i i _ I : I I I I

a.

.!-

/

flllllllll

_x

-!

°;

-I|

|
-,,e

-I

-$ i

-.-]

-M

-I

_!
-I

-|

_3

-t|'

¢--4.-

.g-



t

0

' J "' I " l I

4_

oi
J

!

OD

8
T

eD



T
0 i

G o _(,,l

>,

\Li
I !_ , _'_--_

_/,7:-
_ %'1'

,x,;
:Ix

T
i , i Ow °_o_o_

x 1

0 -_ •

i _ Y _y.0

0

0

0 •

I _ o \

<s . \ 1"<>
o _, o •
I I \
0

I

0
2

0 •

I ' I I I I I i I ,I

e_

D
!

0



8,' -,,

_ O • '

I i I

o _ ,. . _,

Jy '"4N I I

U

_-o.... ._

_1 " _, _. ' .X, ,' _=I_,_.
_i o, " _ N , ' 1 _" I-

._ ,,1_, I'o N, , , , -N .:, ,,I,,t.

8 g g o _ o _ g .S _ ,.,9o,.
o , , , n_ . '?1 ,l _

I II , I, /_ '/I ,/
o. ,I, _

= \'ol:-I.,. ,',t.1oo i el-I
• .... ".........'-I '--] _ ................... , --,.I

- " .., , ,--u_" __ J" 'l__\'1' l" .,. ,

° ,i,]

I I T, ,.., , ',t,:'ot_ , , , ,,,, ,_
2 _ o _r e,_



_._ o
]

+q oo
, , , , , 1_

o, ""I,I+o'_ +___.

I I ,\'l /.

h2b

_I, ;,_'/_. _ _
_?, 'lj I"_ "

I, '1'1 I_ 18
%, 'I,,°-I_ ..
,* _' I_
0 ,o °ilJ "_i_ l _ , 0

, \, /_ , ,

.!. !\o1_ o ,, ,:

, , , , , • , ,e,I ,I , ,
oo g oo $ o 0 8 g ._ $ ,.q o

. (soNo:)3s) 3_u.



I

0

2

I
I

I
.I

I

OI

i /

j ,_f
i i

o o•0 .

o -_

,o
t_ .....

o

o 0

I

3W11

0

b-



.o _,o _- _

Z

t •

o
I f I I

8 g _ _ _ o

,... _

. I I

! I I i • I I I I

0 0

o,.1 1

,s ° I",'

I lid I I I I I
0

I

0
0

I I

0
_) g o o

(sa_,o3as)
_8 _ .g _- ,..£

31_Itl

L_



] i

J

,_ LT F_.R _,j ,,_T _--_..

.... o , . _



_= I. Z£--

EY_f,

PR£ -BEDR_'I"

0

0 0

"+- 000

o -0"1"

-00- -

ooo

0

- o
o --0

Ih_ _7 t_ I,_ ,_.1

0

0

0

0

0
o

0

t-

i-

0

0

0

O0

000
0-0

"7-

3 '5-'q _ ' _ i I

T

oPEN

POST- __I'pP.g_T

0

OO
-_- o

-FO

0--0
+o0

53' T4 I

O

O

4-

O-O

+0OO

+OO--

E2'T _ I

6

_._ = I ,'95"

0

+
1+o -

+o_---+ -
(_S "F Z

+
0

+

O O

+0 --

4--I-....

+

+

+
+

+

O

o+
OO (_) --

"D
-.2

q
' T

++

+0+
+00
0+O--

- !
L

C"

h-



.... "PosT-

+
+_-

+÷ G
++ +

of+-

6T

0
Qo
4-- +-

C)

+ " 14ip_____s
-i-o
.+.+

++-+

-+O+O 0 --
•-b _ 0.+- _ -

_I__r '_, '
5"

+

+

+ 0
0++0
0o+- OO

O

+

+

O't- -0 0
"t-0+ 0 0 O0---

g' T3 ' 2.

G

C)---Q

m

I i

.+.

++

'2

(,
+

_-+
+--1-
+.,_
++
-+.-

.+ -+- _
+-C

6_,'\
¢-.

T"

+

+
4-

-b
÷
+
',---F 00

+

0

_T' i "Z,

! I

.=_°

0
+

+++
_-t-+
o+0+

+_

4.

o
_+

O_
++

-_ o--t- +
--' o--'+"
-P +- Oo

_T_ _

, I

l I



!
r- I

E_
o o
_ E
o _

_ 0



Questionnaire data as well as his level of motion sickness manifested during the pre-
requisite indoctrination flight. This flight consisted of several parabolic maneuvers that

generated typical transient periods of weightlessness preceded and fol lowed by hyper-
gravic ( ~ 2 g) periods of approximately 15 seconds' duration. During each maneuver

the subject was restrained in an aircraft seat and his head was immobilized by an ortho-
ped|c collar device.

Testing under 1-g conditions involved repeating the sequence of five head
movements (frontward, upright, pause, rightward, upright, pause, backward, upright,
pause, leftward, upright, pause, frontward, and upright) executed over a 14-second
period followed by 20 seconds in which the head was kept in the terminal upright

position. This sequence of test events simulated those necessarily introduced by the sub-
gravity and the normal/hypergravlc phasesof the parabolic maneuver, respectively,
but there were certain procedural differences. In order to take full advantage of each

maneuver, head movements were continued in the described clockwise sequence
throughout the subgravity phase only, which allowed usually eight head movements in
0 g, 11 in 0.17 g, and 17 in 0.38 g per parabola. Allowing greater numbers of head

movements in a series without pause would tend, in theory at least, to increase slightly
the difficulty in preventing overshoot of the M IIA endpoint, but in practice, diagnosis
and endpaint control were readily accomplished. The rest periods between head move-
ment sequences, which occurred during the recovery phase of the parabola and the

aircraft turnaround maneuvers, averaged approximately 40 seconds at all subgravlty
levels. This was about double the rest period of the ground-based test version, which
was found to be long enough to allow symptoms to develop and be manifested but short

enough to prevent any significant recovery from the symptoms, inflight, symptom
recovery during normal test conditions was undetectoble and must have been small.

When unusuaI flight requirements introduced long intratest delays, the data were rejected
and the subject was retested on another day. The reliability of the method has been
demonstrated by the slmilarlty of results obtained in repeated tests of the same subject in
this study and by a test-retest evaluation in a previous study (16).

The term "equivalent head movements" was introduced in this study to allow
direct comparisons of the number of head movements executed at various g-levels and
rotational velocities of the chair. The chair velocity often had to be changed from that
used to cal_rate a subject on the ground in order to fit the test situation as well as to

elicit a proper growth rate of symptomswhen an upward or downward shift in suscep-
tibility occurred with a change in gravitational loading. The data were reduced to the
common denominator of equivalent head movements that served as an inverse measure
of susceptibility by utilizing vestibular stressor effect (E-factor) values assoclated with

each of the test velocities (2.5 to 30.0 rpm) as determ_ed in a previous study (17) and
presented in Table II. The most frequently used rotational velocity for each individual
served as the comparison base; equivalentnumbers of head movements at other velocities

were found by multiplying the number of head movements executed in reaching malaise
IIA times the average stressor value of each head movement assigned to each of these

ve!c:i,_Tes. Ten head movements at 5 rpm, For exarn_ie, are caiculated as approximc_efl/
equivalent in terms of provocative effect to one head movement at 20 rpm.

4
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Group A

Test Day

Br -8

-7

-I

BR +0

+2

+8

HI

0.746*

I. 274

i. 001

0.873

0.306

0.4A1

0.4O2

H2 H3

0,483

0.895

0.759

0.712

0.712

0.737

0.816

0.223

0.189

1.784

0.732

1.156

0.467

1.111

0.373 0.755 0.911

Group B

Test Day H 4 H 5 H 6

BR -14

-7

-i

BR +0

+2

+7

0.998

3.624*

i. 127

1.063

0.858

0.709

0.692

0.797

0.811

0.840

0.816

0.869

0.696

0.8O9

0.526

0.589

0.440

0,518

0.693

0.579

0.514

0.753 0.791 0.595

TABLE 2-1 Peak values of H amplitude expressed as a percentage of

Max M
B

* These values are excluded from the computations.



........................... TESTCONDITION

SUBJECT PRE-BEDREST POST-B_DREST

HI

H2

H3

H4

H5

H6

MEAN

SD

1.138

O.712

0.732

1.063

0.816

0.791

0.875

0.180

0.373

0.755

0.911

0.753

0.518

0.575

0.648

0.195

TABLE2-2 Summaryof peak Values of H amplitude for

pre- and post- bedrest data.



Group A

Test Day H i H 2 H 3

BR -8

-7

-i

X

BR +O

+2

+8

+(3.215 *

-i. 184

-0.339

-0.762

-0. 254

-0.418

-0.237

-0.303

-0.345

-0.789

-o.719

-0.618

-0.583

-0.719

-0.780

-0.694

+0.158

+O.058

+1.725

+0,647

+i. 026

+O.405

+O.963

+0.798

Group B

Test Day H 4 H 6

-14

-7

-I

BR

3R

-0.864

+1.941*

-0.807

-0.521

-0.581

-0.449

-0.836 -0.524

-0.339

-0.686

-0.632

+0

+2

*7

H5

-0.824

-0.835

-0.888

-0.849

-0.913

-0.701

-0.838

-0.817

-0.681

-0.557

-0.556

&0.552 -0.598

TABLE 2-3 Slopes obtained from _egression analysis of H on M for

each subject and day. _ ....

* These values are excluded from the computations.



GroupA

Test Day

Br -8

-7
-I

HI

IBr +0

+2

+8

+.853*

-.152

-.986

H2

-.979

-.992

-.997

H3

+.949

+.984

i -.569* -.989 +.826

-.808

-.997

"-.529

-.708

-.996

-.997

+.961

+.993

+.980

-.778 -.900 +.978

/

Group B

Test Day "H-/,[[__[ H 5 _ H -6 _--[

Br -14

-i

+.997

+.412"

-.997

-.994

+.998

-.996

-.997

-.986

-.989

i -.997 -.996 -.991

-.476

-.997

-.929

:-.801

+0

+2

+7

-.997

-.995

-.986

-.993i

-.997

-.960

-.990

-.982

TABLE 2-4 Correlations obtained from regression analyses of H on M-

* TheSe values are excluded from the computations.



1.40

TABLE 3.1

SUMMERY OF CAMERA

SUBJECT 1

PRE-BEDREST DAY 24

CONDITIONS

EYES RAIL. WIDTH

OPEN 2.25

OPEN 2.25

CLOSED 4.00

CLOSED 4.00

PRE-BEDREST DAY 20

S. D.

SHOULDERS HIPS

255 88

170 91

197 157

i47 71

CONDITIONS S, D,

EYES RAIL WIDTH SHOULDERS HIPS

OPEN 2,25 182 65

OPEN 4,00 i01 49

OPEN 4°00 86 51

PRE-BEDREST BAY 7

CONDITIONS

EYES Ri:1iL WIDTH

OPEN 2.25

OPEN 2.25

PRE-BEDREST BAY i

CONDITIONS

EYES RAIL WIDTH

OPEN 2, _:._*'=

OPEN 2,25

POST-BEDREST DAY 0

CONDITIONS

EYES RAIL WIDTH

OPEN 2.25

OPEN 2.25

POST-BEBREST DAY 2

CONDITIONS

EYES RAIL WIDTH

OPEN 2,25

OPEN 2,25

OPEN 2,25

So _:I,

SHOULDERS H I F:'S

137 50

249 160

S. D.

SHOULDERS HIPS

161 110

91 53

DATA

XCORR

TYPE TIME

ALl' 1.0

ALT 0.7

ALT 0.9

POS 0.0

" XCORR

FY'PE TIME

NEG -0.i

ALT 1.0

POS 0.i

XCORR

T YF:'E T I ME

ALF 1oi

ALT .1.7

XCORR

TYF'E TIME

ALT i.i

ALl 0.8

S, Do XCORR

SHOULDERS HIPS TYPE TIME

170 80 NEG -0,i

181 131 NEG -0,i

351 242 NEG -0,2

S. B, XCORR

SHOULDERS H IF:'S TYPE TIME

199 146 NEG -0.I

236 187 NEG -0.i



POST-BEDRESTDAY B

CONDITIONS
EYES RAIL WIDTH
OPEN 4. O0

So Do

SHOULDERS HIPS

79 47

XCORR

TYRE

ALT

TIME

0.9"

1.41
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SUBJECT 2

PRE-BEDREST DAY 24

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN 1.75

OPEN 1.75

CLOSED 2.25

CLOSED 4,00

CLOSED 4,00

PRE-BEDREST DAY 20

CONDITIONS

EYES RAIL WIDTH

OPEN 1,25

OPEN 1,75

OPEN 1,75

CLOSED 2,25

CLOSED 2,25

CLOSED 4,00

PRE-BEDREST DAY 7

S, D, XCORR

SHOULDERS HIPS TYPE TIME

659 377 NEG -0.i

163 120 NEG -0,3

137 117. NEG -0.3

322 222 NEG -0.3

415 108 ALT 1.4

517 94' NEG -0,4

S, D, XCORR

SHOULDERS HIF'S TYPE TIME

244 287 "MEG -0,2

98 123 ALT 2.8

111 85 NEG -1.4

199 135 NEG -1.5

309 92 ALT 2.1

363 122 ALT 1.8

i

CONDITIONS S. D,

EYES RAIL WIDTH SHOULDERS HIF:'S

OPEN 1.25 221 188

OPEN 1.25 363 178

CLOSED 2.25 376 224

CLOSED 4,00 353 119

CLOSED 4,00 222 119

PRE-BEDREST DAY 1

CONDITIONS

EYES RAIL WIDTH

OPEN 1,25

OPEN 1.25

OPEN 1,75

OPEN 1.75

CLOSED 2.25

CLOSED 4.00

CLOSED 4.00

XCORR

TYPE TIME

NEG -0.3

ALT 1.8

NEG -0.2

NEG -0_7

.ALr i. 0

S.D. XCORR

SHOULDERS HIPS TYPE TIME

129 374 NEG -0.1

132 128 NEG -0.2

151 158 NEG -0,I

226 202 NEG -0°3

460 332 NE:G -0.2

444 122 POS 0.4

186 90 POS 0.5



J

POST-BEDRESTflAY 0

CONDITIONS

EYES RAIL WIDTH

OPEN 1.75

OPEN 1 •75

CLOSED 2.25

CLOSED 2 •25

CLOSED 4.00

CLOSED 4.00

F'OST-BEDREST lflAY 2

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN I, 75

OPEN i. 75

OPEN 1.75

CLOSED 2.25

CLOSED 4 •00

CLOSED 4.00

F'OST-BEDREST DAY 8

EYES

OPEN

OPEN

OPEN

CLOSED

CLOSED

CLOSED

S • D o XCORR

SHOULDERS HIFS TYPE TIME

252 _3 NEG -0,I"

342 259 NEG -0.3

350 249 NEG -0.2

307 236 ALT 1.7

206 138 ALT 1.4

33 B8 F'OS 0.2

S. D. XCORR

SHOULDERS HIF'S TYPE TIME

271 287 NEG -0.1

176 117 NEG -0.2

376 254 "NEG -0.3

128 97 ALT 1.7

345 314 NEG -0.2

118 117 ALT 1.0

125 96 ALT 1.7

CONDITIONS S.D.
RAIL WIDTH SHOULDERS HIF'S

1.25 317 392

1.25 194 206

2.25 255 208

2.25 390 150

2.25 307 203

4.00 121 96

XCORR

TYF'E TIME

NEG -0.2

NEG -0.i

NEG -0.2

ALT 0.8

NEG -0.2

ALT 1.4

1.43
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SUBJECT 3

PRE-BEDREST DAY 24

CONDITIONS So D.

EYES RAIL WIDTH SHOULDERS HIPS

OPEN 1,25 141 73

OPEN 1,25 202 97

CLOSED 4,00 127 76

CLOSED 4,00 152 92

CLOSED 1,25 73 46

PRE-BEDREST DAY 20

CONDITIONS

EYES RAIL WIDTH

OPEN 1,25

CLOSED 4,00

CLOSED 4.00

PRE-BEDREST DAY 7

S. D.

SHOULDERS HIPS

95 37

132 91

130 107

CONDITIONS S, D.

EYES RAIL WIDTH SHOULDERS HIPS

OPEN 1,25 128 63

OPEN 1,25 140 48

CLOSED 4_00 132 117

CLOSED 4,00 107 84

PRE-BEDREST DAY 1

CONDITIONS S. D,

EYES RAIL WIDTH SHOULDERS HIPS

OPEN 1,25 62 60

OPEN 1,25 58 63

OPEN 1,25 84 73

CLOSED 2,25 197 96

CLOSED 4,00 79 89

CL.OSEri 4.00 84 104

POST-BEDREST DAY 0

CONDITIONS

EYES RAIL WIDTH

OPEN 1,25

OI'.:'EN 1,25

OPEN 1.75

OPEN 1,75

CLOSED 2,25

CLOSED 4.00

CLOSED 4.00

S. D.

SHOULDERS HIPS

53 ' 50

79 72

44 57

67 67

262 149

104 121

158 90

XCORR

TYPE TIME

ALT 1,9

NEG -1,3

POS 0,0

POS 0,0

ALT 1.7

XCORR

TYPE TIME

ALT 2 •0

"POS 0,0

POS 0,0

XCORR

TYPE "TIME

ALT 2,5

ALT 2.0

POS 0.1

POS 0,0

XCORR

TYPE TIME

ALT I.I

NEG '-0.2

ALT 1.9

POS 0.4

POS 0.0

POS 0.0

XCORR

TYF'E TIME

ALT 2,0

ALT 1,5

F'OS 0.0

AL'T 0,9

ALT 2,2

POS "-0.i

ALT 1.3



J

F'OST-BEDF:EST DAY 2

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OF EN 1.25

CLOSED 2.25

CLOSED 4.00

CLOSED 4.00

POST-BEDREST [IAY 8

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN 1.25

CLOSED 4.00

CLOSED 4.00

S.D. XCORR

SHOULDERS HIPS TYPE TIME

91 82 ALT 1.5"

82 85 ALl" 1.0

227 178 ALT 0.9

80 67 F OS 0.1.
78 84 POS 0.0

S.D. XCORR

SHOULDERS HIPS TYPE TIME

&2 70 NEG -0.4
130 112 NEG -1.5

120 104 POS 0.I

188 139 "POS 0.0

1.45
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SUBJECT 4

..... PRE-BEDREST DAY 26

CONDITIONS S. D.

EYES RAIL. WIDTH SHOULDERS HIPS

OPEN 1.25 249 52

OPEN 1.25 49.,4 82

OPEN 1.25 ?30 44

CLOSED 2.25 152 89

CLOSED 2.25 137 .72
CLOSED 1.75 78 69

CLOSED 1.75 389 135

PRE-BEDREST DAY 20

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN 2.25

CLOSED 2.25

CLOSED 2.25

CLOSED -1.75

PRE-BEDREST DAY 1

XCORR

TYPE TIME

ALT 1.5

ALT 1.3

ALT 0.9

POS 0.2

POS 0.5

POS 0.I

NEG -0.2

S. D. XCORR

SHOULDERS HIPS "TYPE TIME

168 151 NEG -0.4

137 86 POS 0.0

116 64 ALl 1.9

113 76 POS -1.5

128 61 POS 0.i

CONDITIONS S. D.

EYES RAIL WIDTH SHOULDERS HIPS

OPEN 1.25 48 55

OPEN 1.25 56 79

OPEN 0.75 151 231

OPEN 0.75 100 163

CLOSED 2.25 62 49

CLOSED 2.25 48 41

CLOSED 1.75 49 37

CLOSED 1.75 88 66

POST-BEDREST DAY 0

EYES

OPEN

OPEN

CLOSED

CLOSED

CLOSED

XCORR

TYPE IIME

ALT 1 •3

ALT 1.4

MEG -0.i

NEG -0.I

F;OS 0.I

POS 0.0

POS 0.1

POS 0_4

CONDITIONS S. D. XCORR

RAIL WIDTH SHOULDERS HIPS TYPE TIME

1.75 71 51 AL.'IF 1.5

1,75 63 45 ALT 1.6

2,25 157 171 NE-G --0.3

4.00 98 62 POS 0.3

4.00 76 64 POS 0.1



jl

POST-BEI'tRES'F DAY 2

CONDITIONS

EYES RAIL WIDTH

OF'EN i. 25

CLOSED 2.25

CLOSED 2 •25

CLOSED 1.75

F'OST-BEDREST DAY 7

EYES

OF'EN

CLOSED

CLOSED

CLOSED

CLOSED

S.D. XCORR

SHOULDERS HIPS TYPE TIME

41 29 F'OS 0.0"

94 54 ALT 1.8

93 56 ALT 1.9

129 107 ALT 1.7

CONDITIONS S. D',
RAIL WIDTH SHOULDERS HIPS

0.75 283 320

").25_ 89 58

2.25 47 49

1.75 41 30

1.75 53 55

XCORR
TYPE TIME

NEG -0.i

F'OS 0.5

F'OS 0.2

ALT 1.2

"ALT 1.2

1.47
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SUBJECT 5

PRE-BEDREST DAY 26

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN 1.25

OPEN 1.75

OPEN 1.75

OPEN 0.75

CLOSED 2.25

CLOSED 2.25

CLOSED 4.00

CLOSED 4.00

PRE-BEDREST DAY 20

S.D. XCORR

SHOULDERS HIPS TYPE TIME

299 105 ALT 2.3

118 48 ALT 1.1

90 29 POS 0.0

178 65 POS 0.1

273 88 NEG -0.3

356 i09 POS 0.i

135 61 POS 0;0

_97 55 POS 0.1

208 127 POS 0.1

CONDITIONS S. D.

EYES RAIL. WIDTH SHOULDERS HIPS

OPEN 1.25 150 54

OPEN 1,25 70 55

OPEN 1.75 76 43

OPEN 1.75 112 37

CLOSED .2.25 287 72

CLOSED 4.00 193 121

PRE-BEDREST DAY 1

CONDITIONS

EYES RAIL WIDTH

OPEN 0.75

OPEN 1.75

OPEN 1.75

CLOSED 2,25

CLOSED 4.00

CLOSED 4.00

POST-BEDREST DAY 0

XCORR

TYPE TIME

POS 0.5

POS 0.0

POS 0.0

ALT 1.3

POS 0.0

POS 0.0

EYES

OPEN

OPEN

OPEN

CLOSED

CLOSED

CLOSED

CLOSED

CONDITIONS S, D. XCORR

RAIL. WIDTH SHOULDERS HIPS TYPE TIME

1.25 89 103 ALT 1.6

1.75 83 76 ALT 1.5

1.75 60 43 POS 0.2

2.25 128 95 POS 0.7

4.00 84 56 POS 0.2

4.00 89 60 POS 0.0

4.00 91 52 ALl 1.4

S. D. XCORR

SHOULDERS HIPS TYPE TIME

123 202 NEG -0.2

80 65 ALT 1,0

40 29 POS 0,2

108 78 POS 0oi

140 98 POS 0oi

136 87 POS 0.i



1.49 0

F OST-BEDREST TrAY 2

CONDI'TIONS

EYES RAIL WIDTH

OPEN 1.25
OPEN 1.25

OPEN 1 •75

OPEN 1 •75

OPEN 1.75

OPEN 2.25

CLOSED 1.75

CLOSET_ 4.00

CLOSED 4.00

F'OST-BE/IREST DAY 7

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN 1.75

CLOSED 4.00

CLOSED 4.00

S. El. XCORR

SHOULDERS HIF'S TYPE TIME

54 49 F'OS 0.2"

39 33 ALT 1.3

45 44 F OS 0.0

6.4 54 F'OS O.0
80 77 POS 0.0

148 119 POS 0.0

86 96 F'OS 0.2
149 143 F'OS 0.0

68 71 F'OS 0.0

S. D,
SHOULDERS HIPS

64 43

59 37

91 77

105 80

XCORR
"TYF'E TIME

F'OS 0.2

F'OS 0.2

F'OS 0.i

F'OS 0.I
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SUBJECT 6

PRE-BEDREST DAY 26

CONDITIONS S, D.

EYES RAIL WID'FH SHOULDERS HIPS

OPEN 1.25 153 124

OPEN 1.75 7.3 41

OPEN 1.75 72 35

OPEN 2.25 116 57

CLOSED 2.25 149 65
CLOSED 1,75 354 208

PRE-BEDREST DAY 20

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

OPEN 1.25

OPEN 1,25

CLOSED 2,25

CLOSED 2,25

CLOSED 1,75

CLOSED 4,00

CLOSED 4.00

PRE-BEDREST DAY i

So D.

SHOULDERS HIPS

106 45

345 160

496 325

280 67

302 llS

461 2(71

103 71

127 76

CONDITIONS S. D.

EYES RAIL WIDTH SHOULDERS HIPS

OPEN 1,25 51 37

OPEN 1.25 71 62

OPEN 0.75 192 212

CLOSED 2.25 118 83

CLOSED 2,25 186 1.45

CLOSED 2.25 71 44

CLOSED 1,75 218 161

CLOSED 1.75 230 221

POST-BEDREST DAY 0

CONDITIONS

RAIL WIDTH

1.25

2.25

2.25

4.00

4.00

EYES

OPEN

CLOSED

CL :QSED

CLOSED

CLOSED

S, D.

SHOULDERS HIPS

76 86

167 ii0

104 176

74 59

67 69

XCORR

TYF'E TIME

ALT 1.2

ALT 1,6

POS 0.0

POS 0.0

POS 0.I

NEG -0.7

XCORR

TYPE TIME

"ALT 2.1

NEG -0.4

NEG -0.2

ALT 1.4

ALT 1.3

NEG -0,2

POS 0.0

POS 0.0

XCORR

TYPE TIME

ALT 2.0

ALT 1.5

NEG -0.i

ALT 0.9

ALT 1.8

POS 0.1

NEG -0.3

NE[_ -0.3

XCORR

TYPE TIME

ALT I.i

ALT 1.3

ALT 1,3

ALT 1,2

POS '-0.i
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POST-BEDREST DAY 2

CONDITIONS

EYES RAIL WIDTH

OPEN 1.25

CLOSED 2.25

CLOSED 2.25

CLOSED 1.75

POST-BEDREST DAY 7

EYES

OPEN

CLOSED

CLOSED

CLOSED

CLOSED

CLOSED

CLOSED

S. Do

SHOULDERS HIPS

60 48

94 54

i00 54

138 104

CONDITIONS S. D.

RAIL WIDTH SHOULDERS HIPS

1.25 80 45

2.25 129 83

2.25 153 56

1.75 192 163

1 •75 162 130

4.00 64 74

4.00 74 71

XCORR

TYPE TIME

ALT 1.9

POS 0.3

POS 0.3

ALT 1.4

XCORR

TYPE ]THE

ALT 2.9

POS 0.3

ALT 2.3

MEG -0.2

"ALT 1.6

POS O,O

POS 0.0

O

O

@

O

®

®

0

O

A
,_x

g

0

O

®

O

O

®

@

O
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SUBJECT 1

W 1.25

I 1.75

D 2.25

T 4.00
H

TABLE 3.2

EXPERIMENTAL CONDITIONS BY SUBJECT

PRE EYES POST EYES

OPEN CLOSED OPEN CLOSED
0 0 0 0

0 0 " 0 0

7 0 5 0

2 2 1 0

SUBJECT 2

PRE EYES POST EYES

OPEN CLOSED OPEN CLOSED

W 1,25 6 0 3 0

I 1.75 6 0 5 0

D 2.25 0 5 1 5

T 4,00 0 7 0 5

H

SUBJECT 3

PRE EYES POST EYES

OPEN CLOSED OPEN CLOSED

W 1.25 8 1 6 0

I 1.75 0 0 2 0

D 2,25 0 1 0 2
T 4.00 0 8 0 6
I--I

SUBJECT 4
PRE EYES POST EYES

OPEN CLOSED OPEN CLOSED
W 1.25 8 0 2 0

I 1.75 0 5 2 3

D 2,25 1 6 0 5

T 4.00 0 0 0 2
H

SUBJECT 5

PRE EYES POST EYES

OPEN CLOSED OPEN CLOSED

W 1,25 6 0 4 0

I 1,75 6 0 6 1

D 2,25 0 4 1 I

T 4.00 0 5 0 7

1-1
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SUBJECT 6

W 1.25

I 1,75

D 2.25

T 4,00

H

F'RE EYES F'OST EYES

OPEN CLOSED OPEN CLOSED

7 0 3 0

4 0 3

i 6 0 6
0 2 0 4

SUMMERY OF STIMULUS CONDIT.IONS :FOR ALL

SUBJECTS

F'RE EYES

OF'EN CLOSED

W I. _J _ i

1 1.75 i_.,_ 9

D 2.25 9 dr22_

T 4.00 2

H

F'OST EYES

N CLOSED
0
7

1

0

0

®

0

0

0

0

0

+

0

0

®

0

O

@

@

®

@
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APPENDIX A

Special Labyrinthine Function Tests Performed

On Subject Number l (H. Lee)

As previously indicated the vestibular function tests performed pre-

and post-bedrest indicated that subject l in the 28-day bedrest study

was almost completely insusceptible to experimentally induced motion sick-

ness and he displayed abnormally poor balancing ability on the postural

equilibrium test rails. These findings suggested some type of dysfunction

of the vestibular labyrinth. In order to better define the nature of the

presumed abnormality three special tests of labyrinthine function were

performed on this individual 15 days following termination of bedrest.

These included audiometry, cupulometry and caloric irrigation. The latter

two are basically tests of semi-circular canal function. Each test was

performed one time. A brief description of the procedures and findings

from each test follows.

AUDIOGRAM

Procedure

A sweep-frequency audiogram, using a Grason-Stadler diagnostic

audiometer (Model 1701), was performed according to standard audiometric

test procedures. The test tone frequency ranged from lO0 Hz to lOK Hz.

The rate of frequency change of the test tone was 2 octaves per minute;

the intensity rate of change was 5 db per second. During this test pro-

cedure the subject was isolated in an IAC (Model 1203) audiometric room.
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Results

Figure 1 is a reproduction of the obtained audiogram. The left ear

record is represented by the trace with open circles at the turning points.

The audiogram indicates a slight left ear hearing loss in the mid and high

frequency range and a slight right ear hearing loss in the high frequency

range. These losses, however, are only marginally clinically significant.

Procedure

CUPULOGRAM

Silver/silver chloride recording electrodes were placed at the outer

canthus of each eye and a ground electrode was located in a medial posi-

tion (with respect to the eye electrodes) on the forehead. Because the

recording of nystagmus is enhanced with the eyes dark adapted, the subject

was required to wear goggles with red lenses for approximately 30 minutes

before testing began.

Following dark adaptation the subject was restrained in a modified

Skylab M-131 rotating chair. Restraint was accomplished with a custom

fitted bite that was attached to the chair so as to maintain the head in

the proper orientation of 30° downward tilt (bringing the horizontal semi-

circular canals perpendicular to the axis of rotation). Following eye

movement calibration, light tight goggles which allowed the subject to

open his eyes without irritation, were then exchanged for the red goggles.

The desired velocity was selected and the chair placed into motion. The

subject was required to keep his eyes open during this phase, fixate

straight ahead and maintain alertness. Once the desired terminal velocity

was reached the subject was maintained at this speed until all perrotary
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nystagmus had ceased and no report of angular motion could be elicited

(usually about 60 sec). When these conditions were achieved the chair

was brought quickly to a stop (in l-I/2 sec) and post-rotary nystagmus and

the sensation of after-rotation were recorded.

Terminal velocities of 5, lO, 15, 20, 25, and 30 RPM were used.

Testing began with the lowest velocity and progress to the highest. A

rest period of 2-I/2 to 5 minutes was instituted between each run to ensure

that all effects from the previous exposure had run their course. Testing

was restricted to clockwise rotation. Total time required for this test

procedure was approximately l hour.

Results

The findings from this test are summarized in figure 2 where cupulo-

grams are plotted for each of four measurement parameters. These include

a) duration of after sensation of rotation, b) duration of post-rotary

nystagmus, c) maximum velocity of post-rotary nystagmus and d) maximum

frequency of post-rotary nystagmus. In each case the obtained values are

plotted as a function of the chair velocity before deceleration. The com-

puted value of _/A, which indicates the slope of the cupulogram, is also

given.

Several observations can be made with the aid of figure 2. First,

the duration, maximum frequency and maximum velocity of post-rotary nystagmus

increased with increasing chair terminal velocities. That is, the cupulograms

are linear and the slopes are positive. Such positive slopes are to be

expected. Also, the absolute values for post-rotary nystagmus duration,

velocity and frequency are within normally expected limits although the
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duration values may be considered low-normal. The most striking finding

is the slightly negative slope for the after sensation duration cupulogram.

Previous studies using cupulometric techniques suggest that differences in

slopes for post-rotary nystagmus duration and after sensation duration

cupulograms may be due to differential effects in the central nervous

system. Furthermore, these studies indicate that the slopes for these two

type of cupulograms tend to be more alike in individuals susceptible to

motion sickness than in people who are not, suggesting that those who suffer

from motion sickness are not able to modify the effects of canal stimulation

by central control.

Conversely, dissimilar cupulogram slopes suggest lower susceptibility

to motion sickness. Subject 1 may be a case in point.

CALORIC IRRIGATION

Procedure

The caloric irrigation test followed the standard Fitzgerald-Hallpike

procedure with the exception that air rather than water was used to irri-

gate the subjects ears. Following an otoscopic examination and application

of the nystagmus recording electrodes the subject was placed in a patient

examination chair and his eye movements were calibrated. The subject was

then blindfolded and the chair tilted to 30o from horizontal thus placing

the lateral semi-circular canals parallel to earth gravity. With the

subject lying still eye movements were recorded for approximately 2 minutes

to monitor for spontaneous nystagmus. Irrigation then commenced with air

at 240 C being presented first to the left ear and then to the right ear.
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The same sequence was used to irrigate the left and right ears with air

at a temperature of 50 o C. In each case the duration of irrigation was

40 seconds. A minimum 4 minute rest period was imposed following each

irrigation. During and immediately following each irrigation (i.e. while

nystagmus was being recorded) the subject was required to keep his eyes

open under the blindfold and maintain mental alertness. At prescribed

times after each irrigation the subject was required to describe any sen-

sations of movement induced by the irrigation. The total time required

for this test procedure was approximately 35 minutes.

Results

Analysis and interpretation of these nystagmus data were difficult

because of the unusually large amount of high frequency, low amplitude

nystagmus present in the graphic recordings. Also, the onset and termina-

tion of nystagmus was not well defined. Never the less, nystagmus was

clearly produced by all of the caloric irrigations.

A summary of the caloric irrigation data appears in Table I. Para-

meters for which values are given are nystagmus lag, maximum velocity,

maximum frequency and duration. Also,computed values for relative excit-

ability and directional preponderance are given.

Visual inspection of Table I indicates that on the average, nystagmus

velocity, frequency and duration was greater with right ear irrigations.

This observation corresponds with the computation of relative excitability

which indicates that the right ear was 24.6% more excitable (i.e. more

responsive) than the left ear. The subject reported that sensations of

turning and mild dizziness (these are normal responses associated with

caloric irrigation) were slightly greater following irrigations of the
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right ear. However, in general this individual experienced fewer subjective

sensations than are typically reported with irrigations of the type used.

Also, a clinically insignificant (2.6%) left directional preponderance was

found. That is, there was a slightly greater tendency toward left beating

nystagmus. In no case did nystagmus occur in a direction opposite to that

normally expected and no spontaneous nystagmus was observed.

Discussion

Although certain peculiarities were detected, the results of the

three special tests described here indicate that subject l has reasonably

normal function of the acoustic and canicular portions of the labyrinth.

These findings suggest that his insusceptibility to motion sickness and poor

balancing ability may be more directly related to at least partial loss of

function of the otolithic portion of the vestibular apparatus. Unfortunately

no tests of otolith function were performed, however, they would be highly

desirable in this case.
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CALOPIC IRRIGATION

SUBJECTr','A_E

TEST DATF 7- Z:_- 76

SUBJECT COEE TEMP. (°C)

T I ME

SUBJECT NO.

Irrigating Ear
Temp. (°C)

Wate r Air

* Max
Lag Velocity **Max Freq.

(Sec) (°See) (Beats/Sec)

Duration
(Se_)

32 24
32 24
42 59
42 50

L 26,0 ___,7 2.L __:,_6

R _ _LH_ _ _LQ_.2

*I0 Beat AveYage
**From I0 Sec. Epoch with Grcatest No. of Beats

RELATIVE EXCITABILITY = (] + 3)- (2 + 4)

.I +2+3+4

X lO0 =

DIRECTION PREPOr,IDERANCE = (l + 4) - (2 + 3)--x lOO =

l +2+3+4
2.G % LF__._T

Where max slow phase velocity is taken from:

1 = LEAR Cool "
2 = REAR Cool
3 = LEAR Warm
4 = REAR Warm

SPONTANEOUS NYSTAGMUS: NONE

VIGILANCE TASK:

Di rection: R L
Average Velocity (°/Sec)
Total Beats (3 min. period).

NA
CONDITION

PREI RRIGATION

.CO0[.L EAR

COOl. R E/_R

WAR!.IL EAP,

WARH R EAR

Tone Change % Correct
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SECTION2

28-DAYBED-RESTSTUDY: SLEEPCHARACTERISTICS

2.1. SUMMARY

Prior to the 28-day bed-rest study, two subjects (J.H., aged26 years, and
R.T., aged 28 years) were chosen for electroencephalographic (EEG), electro-
oculographic (EOG), and electromyographic (EMG)monitoring. The individuals
were monitored for three consecutive nights in the pre-bed-rest period, during
12 nights of the bed-rest phase, and on the first six nights following termina-
tion of bed rest. The data was analyzed, using standardized criteria for the
determination of sleep stages. There were several sleep-pattern alterations
that were commonto both subjects. During the second half of the bed-rest
period, sleep latency and stage 3 increased, while total sleep time, stage 2,
and REMlatency decreased. In addition, during bed rest both subjects showed
an increase in the numberof REMperiods and a slight increase in stage REM
amount. Nomajor alterations were seen in the recovery period. Of the altera-
tions found to be associated with bed rest, only one, the increase in stage 3
sleep, was also seen consistently during Skylab. Conversely, noneof the post-
flight changesseen following Skylab were observed during the post-bed-rest
recovery period. It was concluded that in spite of somesimilarities, the bed-
rest study did not appear to provide a situation truly analogous to space flight
in terms of sleep characteristics.

2.2. INTRODUCTION

The Skylab findings (Frost et al., 1974, 1975a, b, 1976) suggested that man
is able to obtain adequate sleep during prolonged exposure to the weightless
environment of space flight. Of the three subjects studied, only one experienced
a significant degree of insomnia, and this was a transient phenomenon,confined
to the first part of the mission.

However, whi}e adequate sleep was obtained during these excursions, certain
alterations in sleep-stage characteristics did occur in flight and in the imme-
diate postflight period. In spite of a considerable amount of individual varia-
tion, three findings were common to all subjects: (1) the amount of stage 3 sleep

was increased in flight and decreased postflight, compared to preflight baseline
studies; (2) stage 4 sleep was consistently decreased in amount postflight; and

(3) stage REM sleep was elevated in amount, and its latency decreased, in the

late postflight period. In addition, preliminary analysis of the waking EEG
characteristics has revealed an increase of the subjects' alpha-rhythm frequency

during the in-flight portion of all three missions.

These findings suggest that while the neurophysiological mechanisms respon-
sible for maintenance of the sleep/waking cycle were not severely disrupted by

Note:
J--_H-_.is subject 2 and R.T. is subject 3
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exposure to the unique environment, they were influenced by it. The nature of
this influence cannot be determined from the Skylab data alone, but factors such
as altered sensory input and fluid-shift mechanisms must be considered among the
most likely possibilities. These factors seem to be worthy of further study,
since they may reflect underlying neurophysiological processes which may possibly
be involved in the production of the space motion sickness syndrome experienced
by several astronauts.

The 28-day bed-rest study provided an opportunity to observe sleeping charac-
teristics of subjects confined to a controlled environment that mimicked some

aspects of space flight.

2.3. METHODS

Two subjects (J.H., aged 26 years, and R.T., aged 28 years) were chosen for
EEG monitoring. These individuals were monitored concurrently for three consec-
utive nights in the pre-bed-rest period, during twelve nights of the bed-rest
phase (nights l, 2, 3, 5, 12, 16, 18, 21, 24, 26, 27, and 28), and on the first

six nights following termination of bed rest. Each sleep-monitoring session
lasted 8 hours.

The subjects slept in the Neurophysiology Sleep Laboratory of The Methodist
Hospital during the 2! nights they were monitored. They were instructed to main-
tai_J approximately the same schedule, with respect to sleep, on those nights when
monitoring was not conducted. In addition, they were asked to refrain from
napping during the day.

During each monitoring session, the electroencephalogram (EEG), electro-

oculogram (EOG), and electromyogram (EMG) were continuously recorded, graphically
and on magnetic tape. EEG was derived from six scalp recording electrodes, which
provided four channels of data (F]-C3, F2-C4, C3-Ol, and C4-02). EOG was re-
corded from two electrodes, one placed above and the other lateral to the left
eye. EMG was detected from a pair of electrodes located in the submental area.

Identical procedures were followed for all recording sessions. The elec-
trodes were attached in the various locations approximately 30 minutes before
bedtime (normally, ll:O0 p.m.). After calibration and check-out of the record-
ing apparatus, approximately 3 minutes of data were obtained under each of the
following conditions: (1) awake, eyes open, relaxed; and (2) awake, eyes closed,
relaxed. The lights were then extinguished in the bedroom, the door was closed,
and the subjects began the 8-hour sleep period. Upon awakening in the morning,
3-minute samples were again obtained in the eyes-open and eyes-closed conditions,
after which the electrodes were removed, and the subjects were permitted to re-
sume their usual activities.

The data was subsequently evaluated, using standardized criteria for the
determination of sleep stages, by a combination of human visual and computer
techniques. In the statistical evaluation of the results, each subject was

considered individually, and the various parameters were grouped into pre-bed-
rest, bed-rest, and post-bed-rest categories.

J. 2



2.4. RESULTS

2.4.1. General

The results of analysis for each night of the study are presented for
subject J.H. in Table I, and for subject R.T. in Table II. Average values
for the sameparameters in the pre-bed-rest (N = 3), bed-rest (N = 12), and

post-bed-rest (N = 6) periods for subjects J.H. and R.T. are listed in Tables
Ill and IV, respectively. These tables also indicate the results of between-

group comparisons, using a nonparametric statistical test (Mann-Whitney U).
Several of the parameters listed in Tables I and II have been plotted versus

time to facilitate analysis; thus, Figs. I-3 pertain to subject J.H., while
Figs. 4-6 apply to subject R.T. In all figures, limits (dashed lines), repre-

senting plus or minus two standard deviations around the pretest mean, have
been projected across the graph. In Tables V and VI, for J.H. and R.T., respec-

tively, the bed-rest period has been divided into first (days 1-12) and second
(days 16-28) halves, and average values and between-group comparisons are given
for selected parameters.

2.4.2. Sleep and Wakefulness

Neither subject experienced difficulty falling asleep during the pre-bed-

rest baseline recordings, and the averages were well below lO minutes. Sleep
latency rose during the bed-rest study (Tables Ill and IV), with J.H. averaging
26.4 minutes, and R.T. 37.2 minutes. Because of the variability, however, neither

was statistically significant. It is clear_ though, that this measure exhibited
a tendency to increase as the bed-rest phase progressed (Figs. l and 4), with
highest values seen on days 21 and 24 in both subjects. Thus, J.H. averaged 12.6

minutes during the first half of the bed-rest phase and 35.4 minutes in the second

half, while the average values for R.T. were 15.0 minutes and 53.4 minutes, respec-
tively (Tables V and VI). The second-half elevation was statistically significant

in the case of R.T. (_<O.Ol). Post bed rest, the values for both subjects returned
promptly to the pre-bed-rest range, with each averaging I0.2 minutes.

Both subjects slept well during the baseline series, with J.H. averaging
7 hours, 46 minutes total sleep time, and R.T., 7 hours, 40 minutes. Values
dropped somewhat during bed rest, with J.H. averaging 7 hours, 26 minutes (20-

minute decrease), and R.T. averaging 7 hours, 20 minutes (20-minute decrease).
As with sleep latency, the alterations seen occurred primarily in the second

half of the bed-rest phase (Tables V and VI), with first-half values almost
identical to the baseline average. The second-half values were significantly

decreased in both subjects. Post-bed-rest values did not differ significantly
from the pre-bed-rest series, although the average value for J.H. was 13.2 min-
utes below baseline.

By considering the distribution of time spent awake in the various thirds

of the night (Tables Ill and IV), it is clear that the decrease of total sleep
time seen in the second half of the study is, in both subjects, due primarily to

decreases during the first third. This, in turn, may be accounted for by the
sleep-latency alterations described above. This is also evident in Figs. l and

4, where the sleep-latency pattern for each subject is mirrored by the total-
sleep-time characteristic.

J.3
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Neither subject exhibited a significant change in the overall number of
nocturnal awakenings while at bed rest, although R.T. showed a small decrease

in the last third of the night. Post bed rest, subject J.H. showed a slight
increase, which was statistically significant. As indicated in Table Ill, this

resulted from an increased number of arousals during the last third of the night.

2.4.3. Sleep-Stage Characteristics

During the pre-bed-rest baseline recording period, the sleep-stage charac-
teristics of both participants were found to be typical of subjects in this a_e
group (20-30 years).

2.4.3.1. Stage I. There were no stage l changes during the study that were
common to both subjects. Subject J.H. showed a slight but significant increase in
the average percent stage l in the post-bed-rest phase (from 14.3% during the base-
ling studies to 19.6% following bed rest). Subject R.T. had slightly less stage l

(E<D.OS) in the first half of the bed-rest study (5.2%), compared to baseline

2.4.3.2. Stage 2. Both subjects had a small but significant (_<0.05) drop
in percent stage 2 sleep during the second half of the bed-rest phase (J.H., _ase-
line = 51.2%, bed rest, second half = 43.9%; R.T., baseline = 59.4%, bed rest,

second half = 51.2%). Average values during the first half were also below _ase-
line but did not achieve statistical significance. Post bed rest, the values for

J.H. remained low (_<0.05), while those for R.T. returned to the baseline level.

2.4.3.3. Sta_e 3. The percentage o_ sleep time occupied by stage 3 ten_ed
to increase during the bed-rest period in both subjects, although there was con-
siderable variability from night to night. The highest values were seen in t_e
second half of the study (Tables V and VI). The average value for J.H. rose from

9.7% during the baseline period to 12.6% in the second half (_<0.05). A similar
but not statistically significant trend was observed in the case of R.T. (base-
line = 11.8%; bed rest, second half = 15%). The post-bed-rest values continued
to be somewhat elevated but did not differ significantly from the pre-bed-resz
values.

2.4.3.4. Stage 4. No significant alterations in stage 4 were seen in either
subject, although in the case of R.T. there was a tendency toward somewhat in-
creased values during the second half of the bed-rest study.

2.4.3.5. Stage REM. REM latency is the elapsed time from sleep onset {ex-
cluding stage l) until the first appearance of stage REM. In typical subjects,
this measure is usually between l and 3 hours. During the baseline period, a,'er-

age values for both subjects fell within this range. A decreased REM latency
characterized the second half of the bed-rest period in both subjects (J.H.,
baseline = l.O hours, bed rest, second half = 0.62 hours; R.T., baseline = 1._6

hours, bed rest, second half = 0.85 hours; 6<0.05). Clearly abnormal values were
seen for J.H. on days 16, 21, and 24, when the measure was less than 8 minutes.
True sleep-onset stage REM occurred on day 16 (latency = 0), when the subject
entered a short stage REM period directly from the drowsy stage, without an inter-
mediate period of stage 2 sleep.

j.4



The numberof discrete REMperiods tended to increase slightly during bed
rest for both subjects, but this finding was not statistically significant. A
significant increase was, however, observed post bed rest in one subject (J.H.,
baseline average = 16.7 periods, post-bed-rest average = 24.2 periods).

The percentage of total sleep time spent in stage REM tended to increase
slightly during bed rest, but the change was significant only in the case of
subject J.H. during the first half of the bed-rest period (baseline = 21.6%;

bed rest, first half = 25.7%). Post bed rest, the percent REM values were not

significantly different from those seen pre bed rest, although relatively high
values were seen on days 4 and 5 for subject J.H. In addition, both subjects
exhibited a significant increase in the amount of stage REM that occurred during
the final third of the night in the post-bed-rest period, although total REM time

remained relatively unchanged.

2.5. DISCUSSION

Most of the sleep-pattern alterations that were common to both subjects
were associated with the second half of the 28-day bed-rest period: (1) sleep

latency increased, (2) total sleep time decreased, (3) stage 2 decreased,
(4) stage 3 increased, and (5) REM latency decreased. Throughout the bed-rest

period, both subjects showed some increase in the number of discrete REM periods

per night and a slight i_crease in stage REr_a_ount. In the _ost-bed-rcst phase,
there was a relative increase in stage REM during the last third of the night but

no overall change in other REM characteristics.

In spite of a reduction in total sleep time in the latter portion of the
bed-rest study, neither subject showed objective evidence of sleep deprivation.
On no occasion were less than 6½ hours of sleep per night obtained. As pointed
out above, the total-sleep-time reduction resulted largely from an increase in

sleep latency on certain nights. It is noteworthy that on nights 21 and 24,
those associated with the longest sleep-latency measurements, the two subjects

were noted to engage in conversation with each other during most of the latency

period and thus, to some extent, were voluntarily remaining awake.

These findings differ in several respects from those obtained during Skylab.

Sleep latency was significantly altered only during the 84-day Skylab mission,
and, in this case, the increase seen was confined to the first half of the flight,
rather than to the last half, as observed during the bed-rest study. While a

significant reduction in sleep time occurred during the 28-day Skylab flight, it
was attributable to a voluntary reduction in total time spent in bed and was not

accompanied by an increased sleep latency. The findings are similar in that in

neither case did the imposed environment appear to prevent the subjects from ob-

taining sleep of adequate duration.

The decrease in,age 2 and increase in stage 3 sleep during bed rest are

findings that were also seen in two earlier bed-rest studies reported by Ryback
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and his co-workers (Rybackand Lewis, 1971; Rybacket al., 1971a, b). In these
studies, the increase wasseen in both stages 3 and_specially in subjects
whowere not permitted to exercise. Somewhatanalogousfindings were seen during
Skylab, wherean in-flight increase in stage 3 wasobservedduring each flight;
however, stage 2 was not consistently reduced. While a consistent postflight

decrease in stage 4 was seen during Skylab, no such drop was evident in the post-
bed-rest period.

The shortening of REM latency, observed during the second half of the bed-

rest study, was an unexpected finding, and, in the case of subject J.H., several
of the individual values were well below the range typical of normal subjects.

In the absence of drug administration or prior REM deprivation, sleep-onset stage
REM, such as occurred on night 16 for J.H., or very brief latencies (less than 8
minutes), as on nights 21 and 24, are considered to be abnormal findings. Patients
afflicted with narcolepsy often exhibit this pattern in association with the onset

of nocturnal sleep or during daytime sleep attacks. Other findings, such as an
increased number of REH periods and a slight increase of REM time, seen in both
subjects, did not deviate from the normal range.

The REM alterations seen during bed rest were not found during the Skylab
studies. In fact, there was a slight tendency for REM to decrease near the end

of each Skylab mission, rather than to increase as it did during the final por-
tions of the bed-rest period. Consistent alterations in REM latency and number

of REM periods were similarly absent during Skylab. On the other hand, while the
most remarkable Skylab findings were the increase in REM time and decrease in REId

latency seen in the late postflight period (beyond day R + 3), follo;ving.kedrest
I,,i IC J _e--I'l _"_,,_,u_e, ls_,_s were essentially the same as those seen pre bed rest. =ne
single exception, common to both subjects, was a redistribution of REM time, with
a relative increase in the last third of the night. One bed-rest subject showed

a small increase of REN time after day 3, similar to that seen in all three Skylab
astronauts. It should be noted that the late postflight Skylab changes in REM
characteristics are very similar to the changes seen in the second half of the
bed-rest period. While the reasons for the Skylab alterations were not clear, it

was postulated that the marked alteration in sensory input, particularly with
respect to the visual, vestibular, and proprioceptive systems, might underlie the
changes. This hypothesis was based upon evidence which links sleep, and in partic-
ular the REM stage, to the neurophysiological mechanisms of memory transformation.
Such an explanation does not appear to apply to;the bed-rest situation, since the
changes were not apparent immediately after the transition to the new environment

but appeared only after approximately 2 weeks - a length of time expected to per-
mit relatively complete adaptation. It is, of course, possible that the effects

of bed rest may not follow a time course analogous to Skylab and that a similar
mechanism could conceivably be in effect.

A summary, comparing the Skylab results with those obtained during the 28-
day bed-rest study as well as with those recorded during the Skylab Medical
Experiments Altitude Test (SMEAT) (Frost and Salamy, 1973), is provided in
Table VII. In preparing this table, sleep characteristics were considered to

have been altered whenever a clear-cut difference, compared to baseline, occurred
under the imposed test condition. Thus, in some instances, values which did not
achieve statistical significance were included.
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The incidence of altered sleep characteristics is expressed as a percentage
of each group's total membership; for example, in the Skylab column, a value of
33% indicates that one crewman showed this change, while a value of I00% indicates

that all three did. In the bed-rest and SMEAT columns, 50% indicates one subject,

and I00%, two. In order to quantify the similarity or dissimilarity among the
three test conditions, correlations are expressed as percentage values; thus, a

correlation of 100% indicates that all members of the specified groups being
compared showed the particular alteration.

Consideration of Table VII indicates that during exposure to the three test

environments, the mos% consistently altered characteristic among the three groups
was stage 3 sleep, which tended to increase. This was true in all three Skylab

astronauts, in both bed-rest subjects, and in one of the two SMEAT crewmen, pro-
viding an overall correlation factor (cf) of 50%. Relatively high values (cf =
34%) were seen for total-sleep-time and stage l values, both of which tended to

decrease in some members of all three groups. An increase of sleep latency and
increased amounts of stage 4 were also observed in at least one member of each

group. In the post-exposure period, only one alteration (an increase of stage
REM after day R + 3) was common to all three environments, with a correlation
value of 50%.

Table VII also permits a differential analysis to be made of the efficacy

of the SMEAT and bed-rest projects as simulations, with respect to sleep altera-
tions, of actual space flight. As noted previously, only one in-flight altera-

tion (increased stage 3) was common to all three Skylab astronauts. This finding
correlated best with +me bed-rest project ' _ _ _nn_ __.. _c, ,uu_j L,u_ was see,_ i_i one SNEAT
participant (cf = 50%). lwo out of three Skylab subjects had a decreased overall
amount of sleep in flight. Again, the bed-rest results (cf = 67%) agreed with
the Skylab findings more closely than did those of SMEAT (cf = 34%). With re-
spect to the stage 1 decrease noted in two Skylab crew members, the best correla-
tion was with the SMEAT test (cf = 67%). Thus, the bed-rest study appears to
have been somewhat more similar to Skylab in terms of in-flight characteristics.
Postflight, four alterations were common to all three astronauts: the increase
in stage REM after day R + 3 was also seen in both SMEAT subjects (cf = 100%)
and in one bed-rest subject (cf = 50%); the increase in stage 3 and the increase
in stage 4 were also observed in one SMEAT participant (cf = 50% for both measures)
but in none of the bed-rest subjects (cf = 0 on both comparisons); the decrease in
REM latency seen after day R + 3 during Skylab was not seen during bed rest or
SMEAT (cf : 0 in both cases). Thus, with respect to postflight findings, SMEAT
clearly provided the closest approximation to Skylab.

In spite of some similarities, the bed-rest study did not appear to provide
a situation truly analogous to space flight, in terms of sleep characteristics.

Alterations in stages 3 and 4 have been reported previously (Ryback and Lewis,
1971; Ryback et al., 1971a, b) in association with bed rest and have been tenta-

tively ascribed to changes in muscular-system status. In particular, subjects
undergoing bed rest with no exercise showed the greatest changes. To some extent,
we might postulate that this is borne out by the Skylab findings, which also re-

flected an increase of slow-wave sleep (primarily stage 3). Although the Skylab

crew exercised regularly, perhaps some muscle groups were under-utilized. Yet,
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we saw a similar change in one of the SMEAT crew members, who almost certainly

was not significantly under-exercised and furthermore was livi,ng under l g
environmental conditions. Thus, the increase in stage 3 may well result from
some other factor common to all three test situations - perhaps confinement or
stress.

The findings with respect to stage REM argue most strongly against the
bed-rest situation as an analogue of in-flight sleeping conditions. REM latency
decreased to abnormal levels in one subject, and a similar tendency was noted in
the other. In addition, REM amount tended to increase near the end of the bed-

rest period, while in Skylab it tended to decrease. Changes in REM were not
significant in the earlier bed-rest studies, but this may have been due to the
long sampling intervals used in the previous studies.

During Skylab, we also observed certain alterations in the basic EEG char-
acteristics - most notably an in-flight increase in the alpha-rhythm frequency.
We are now making a similar analysis of the bed-rest data, but the results are
not yet available for comparison. Pending these results, which may alter our
opinion, the conclusion appears to be that bed rest, while associated with
alterations in sleep characteristics, for the most part does not influence this
physiological process in a manner comparable to the weightless environment of
space flight. Out of eight alterations associated with bed rest, only one, Bn
increase in stage 3 sleep, was also seen consistently during Skylab. Conversely,
none of the four Skylab changes seen postflight were observed consistently in the
post-bed-rest phase.
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Table V.

Subject: J.H.

AVERAGE

Pre-bedrest Bedrest,

First Half

VALUES

Post-bedresl

• BETWEEN GROUP

COMPARISONS *
( pz_. 0.05)

Pre-bedrest

VS.

Bedrest,
Second Half

Bedrest,

Second Half

Pre-bedrest

vs.

Bedrest,
First Half

Pre-bedrest

V$,

Post-bcdrest

Total $(eep Time

7.77 7.72 7.23 7.55 N.S. 0.02 N.S.
I

sleep Lotency I 0.13 0.21 0.59 0.17 N.S. N.S. N.S.
l

REM Lotency [ 1.00 I.II 0.62 1.16 N.S. N.S. N.S.

l "
No. of A.okening$ 16.30 17.00 19.90 25.20 N.S. N.S. 0.05

NO. of REM Periods 16.70 18.40 21.00 24.20 N.S. N.S. 0.05

% stage , 14.30 12.60 14.80 19.60 N.S. ._I.S. N.S.

i ....

% _c_ ii 21 E0 25 T0. _._= 00 L_._ _n ii 0.05 ,_._._'_" _.S.

°/o S/age Z
51.20 47.80 43.90 42.60 N.S. 0.05 0.05

% SloQe 3 9.70 I0.I0 12.60 10.30 N.S. 0.05 N.S.

3.90 N.S.3.20 N,S.3.70_; Stoge 4 3.30 N,S.

"X-Mann-Whitney U Test



Table Vi.

Subject" R.T.

P

Totol Sleep Time

AVERAGE

Bedrest,

First Half

7:66,

VALUES

7.10

Post-bedres

20.20

7.68

Slesp Latency 0.16 0.25 0.89 0.17

RE, Uo,,.cy I.86 I.38 0.85 I.92

Na.of A.okmnings 17.30 9.60 9.60 1I.80

No. of REu P,riods 8. OO 12.00 9.90 8.70

% Sto_, I 6.20 5.20 5.80 6.50

% Rr,._ 24.80

56.30

12.40

l .30

°/o Stoge 2

o_ Stoge 3

% StaQe 4

23.80

51.20

15.00

4.30

59.40

11.80

2.40

18.90

57.10

14.00

3.60

• BETWEEN GROUP

COMPARISONS
( P_ 0.05)

Pre-bedrest

¥$.

Bedrest,

First Haft

Pre- bed rest

vs.

Beclrest,

Second Holf

Prt- bedrsst

YS.

Post- be6rest

N.,S. 0.01 :Z.S ....

N.S. 0.01 _;.S.

N.S. 0.05 _.S.
i

N.S. N.S. _I.S.

N.S. N.S. _¿.S.

0.05 N.S. _.S.

N.S. N.S. ,_.S.
m, _

N.S.

N.S.

N.S.N.S. II.S.

"X- Idann-Wh[tne_r U Test



TableVll.

COMPARISON OF SKYLAB, BEDREST, AND S.M.E.A.T. RESULTS

SLEEP CHARACTERISTICS

Increased During E=posure

Sleep Latency

Stage 2

Stage 3

Stage 4

Stage RE M

Decreased During Exposure

Sleep Latency

Sleep Time

INCIDENCE OF ALTERED

SLEEP CHARACTERISTICS

(Percentage of Group Membership)

% CORRELATION

n I X n 2 .--n X

102X-2

SKYLAB BEDREST S.M.E.A.T. OVERALL SKYLAB 8, SKYLAB 8

n:3 n=2 n=2 BEDREST S.M.E.A.T.

33

I00

33

33

67

I00

0

I00

50

I00

0

I00

I =0

5O

50

5O

5O

5O

C7

17

0

,50

34

33

I00

17

50

17 17

0 0

0

67 34

C7_;c§c _ I "" '_' 3-_

Stage 2 33 I00 0 0 33 0

Stage 3 0 0 50 0 0 0

Stage 4 33 0 50 0 0 I 7

Stage REM 67 0 50 0 0 34

REM Latency 0 I00 0 0 0 0

Increased Post- Exposure

Sleep Time 33 0 0 0 0 0

Stage I 33 ,50 0 0 I 7 0

Stage 2 33 0 50 0 0 I 7

Siege REM (>R,I-3) I00 50 I00 50 50 I00

Decreased Post -Exposure

Sleep Latency 3:3 0 0 0 0 0

Stage I 0 0 I00 0 0 0

Stage 2 0 50 0 0 0 0

Stage 3 I00 0 50 0 0 50

Stcge 4 I00 0 50 0 0 50

Stoge REM (<R-I-3) 33 0 0 0 0 0

I00 0 0 0 0 0REM Latency (>R+3)





MONITORING INBED SPONTANEOUS ACTIVITY

Data Base Modifications, Analysis, and Discussion of Results

by

Dan Rinks

During the last bedrest study, the inbed activity monitoring

allowed us to assess the importance of spontaneous low grade activity

in the horizontal plane during bedrest. Investigators have taken different

approaches to this problem: Dietrick placed his subjects in plaster casts;

Hyatt allowed his subjects low grade activity in the horizontal plane, simi-

lar to what was allowed in this study; and Saltin allowed the subjects not only

low grade activity in the horizontal plane, but also allowed the subjects

to sit for meals and reading. In addition they were allowed bathroom

privileges, but they were never allowed to stand. Qualitatively similar

postbedrest changes were found in each of these studies. In our 2 week study

the subjects demonstrated different degrees of spontaneous activity during

bedrest, but we found no correlation between the extent of any measured

change and the amount of inbed activity recorded by the inbed monitor.

In fact, the most restless and active subject showed the greatest change

postbedrest in not only exercise and orthostatic tolerance, but also red

cell mass, and electrolyte balance. Thus our 2 week bedrest study has

confirmed what could be inferred from the literature: that non-strenuous

inbed spontaneous activity, designed to ease the rigors of the inbed environ-

ment, has no measureable effect on the results obtained. To confirm these

findings, a more sophisticated system for monitoring inbed spontaneous

activity was utilized during the second 28 day bedrest study.
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METHODS: The methods employed for the primary collection of data are

described elsewhere (See "Monitoring Inbed Spontaneous Activity" by

Johnson, Mitchell, Grieder, and Dean in JSC/Methodist Hospital 28-Day

Bedrest Study, Vol. I, Protocols). Prior to the actual analysis of data,

several corrections to the data were performed. In particular, (1) the

data were scaled to account for differences in potentiometer sensitivity

and subject weights; (2) out-of-bed time periods were identified and the

corresponding data points were eliminated; and (3) and Iog10 transformation

was employed to minimize heterogeneity of variances. A relative rating

of the subjects inbed activity was obtained.

SCALING CORRECTION FACTORS: The amplitudes of the signals from the poten-

tiometers were arbitrarily set at levels that would result in acceptable

traces for the strip charts. In addition, the primary data collection did

not take into account the differences in amplitudes that would result be-

cause of the differences in subject weights. In order to correct for this

arbitrary scaling, an experiment was conducted at the end of the study to

determine appropriate scaling correction factors. The experiment consisted

of recording the amplitudes for a monitor performing similar movements on

all of the subjects' beds. The following formula was used to compute the

scaling correction factors:

IMonitor amplitude on subject bed tyaMonitor weight X Subject weigh se

where the Base was the score computed from the numerator for subject 3.
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The multiplicative scaling factors obtained were:

Subject l 1.1216

2 0.8322

3 l.O000

4 1.3058

5 1.1409

6 0.7757

The primary collected data (M) were multiplied by the correction factors

(CF) to obtain the corrected motion readings (CM) for each subject.

CM = M * CF

CORRECTION FOR OUT-OF-BED PERIODS: At various times, the subjects were

removed from their beds for the purpose of conducting experiments. In

addition, several in-bed experiments were conducted. Data collected in

these time periods were considered to be contaminated and were eliminated

from the study. The activity log was used as an approximate basis for the

determination of contaminated data points. Whenever there were questions

regarding the exact timing of experiments, a conservative approach was

taken to insure that the contaminated data points were eliminated. This

resulted in the loss of an insignificant amount of reliable data.

TRANSFORMATION OF DATA: The corrected data exhibited an extremely wide

range, on the order of from lO2 to lO7. A preliminary analysis revealed

that the variances of the subjects data were approximately proportional to

the means of the subject data indicating that a logarithmic transformation

was appropriate. A loglo transformation resulted in the variances of the

subject data being much more homogeneous. All subsequent analyses used the

loglo transformed data.

LOG M = loglO(CM )
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RESULTS: Mean levels of activity (means of LOG M) were computed for the

subjects on two bases: 7 AM- 7 AM and 9 AM - 9 AM. Multiple Range Tests

for the means of the two bases were computed. The results of the

Multiple Range Tests are summarized in the Tables below.

Table 1

Count

502

495
488

49O

385
386

Mean of lOglO
Transformed Data

LOG M
7AM- 7 AM

4.3183

4.4913
4.5289

4.8929

5.3121
5.3207

Multiple Range Test
Duncan Procedure (.05 level)

Homogeneous Subsets
Subjects

5 Subset ]

4 Subset 2
6

l Subset 3

2 Subset 4
3

(Least Active)

(Most Active)

Table 2

count

252

272
258

259

250
250

Mean of LOglO
Transformed Data

LOG M
9 AM - 9 AM

4.5479

4.B677
4.8756

5.2744

5.6192
5.6554

t_ultipleRange Test

Duncan Procedure (.05 level)
Homogeneous Subsets

Subjects

5 Subset l

4 Subset 2
6

1 Subset 3

2 Subset 4
3

(Least Active)

1
(Most Active)
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It should be noted that the ranking of the subjects into subsets

indicating least active to most active are intended to be used as relative

rankings only. The information contained in the collected data is not

sufficient to make statements such as how active the most active partici-

pant was or to quantify the differences in activity levels between subsets.

When these ranks were compared with ranked changed obtained by other

investigators (e.g. LBNP, stressed heart rate, calcium balance, blood

volume, exercised heart rate) no correlation was obtained, thus confirming

our findings of last year. In future bedrest studies it would seem overly

rigid to demand complete immobilization; moderate low grade activity which

aids in maintaining subject cooperation and disposition has not been proven

to affect any of the deconditioning processes in either this 28 day study

or the 14 day study.
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ABSTRACT

Biostereometrics, the science of measuring, and describing in mathematical

terms, the three-dimensional form of biological objects, was used to analyze

shape and volume changes occurring in six subjects during a 28-day bedrest

study. The study was conducted to better understand the physiological

changes observed in the Skylab crewmembers as a result of extended weight-

lessness. Biostereometric measurements made before and after these missions

indicate a similarity to the volume changes which occurred as a result of

the 2B-day bedrest. The similarity was most noticeable in the abdomen,

buttocks, thighs and calves, particularly when the values for the first few

days post-flight and post-bedrest were compared. Changes in limb and

partial body volumes measured using biostereometrics reflect fluid shifts

as well as changes in fat deposits and muscle mass. Such information

can contribute to a better understanding of the comparative physiology

of extended space flight and long periods of bedrest.



INTRODUCTION
q

Weight change is often one of the more important biological parameters con-

sidered by investigators who are studying the effect of various factors

upon an organism. Certainly, it is one of the easiest to obtain. Of even

more value is the knowledge of weight (or mass) change in a particular body

region. Biostereometrics, the science of measuring, and describing in

mathematical terms, the three-dimensional form of biological objects, can

provide specific volume change information about any body region. Armed

with precise volume change data, investigators can make more informed

estimates of changes in fat deposits, muscle mass, and fluid shifts which

result from exposure to sustained weightlessness and other environmental

changes.

Biostereometric measurements were made before and after all three Skylab

missions to help in assessing the physiological changes resulting from

long spaceflights. The findings of this investigation yielded quanti-

tative data on the redistribution of body fluid away from the lower limbs,

provided an additional method for estimating the caloric intake per day per

kilogram of lean body mass, and permitted estimates of muscle atrophy in the

legs (Whittle, 1976).

The 28-day bedrest study was undertaken to better understand the physiologi-

cal changes which occur during extended bedrest and to compare how the two

conditions (spaceflight and bedrest) affect the human body. The biostereo-

metric measurements made as part of this bedrest study exposed similarities

as'well as obvious differences between the two conditions.
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METHOD

Biostereometrics System

In the NASA biostereometrics system, two Hasselblad stereometric cameras

are used to photograph the front and back of the subject simultaneously.

A strobe projector, mounted at the center of each camera illuminates the

subject with a random pattern of lines, enhancing the plottability of the

skin surface. Two calibration units are used to determine the scale factors

in the three orthogonal axes. The subject wears an elastic skull cap and

an abbreviated athletic supporter; he stands in a standard pose so that

differences due to changes in posture are minimized. The subject places

his feet on "footprint" patterns attached to the top of an electronic

weighing scale with digital readout, with the arms held straight, alongside

the body and palms toward the rear, approximately IO cm from the thighs

(Figure l). Simultaneous front and rear stereophotos are taken on 6.5 x

6.5 cm glass plates, made at the moment the subject is judged to be at the

minimum lung volume in a normal breathing cycle. Weight, date, time of

day, and subject ID number from digital displays are recorded in the exposed

image.

Plotting and Digitization

The glass plates are enlarged to lO x lO inches and placed in a Kern PG-2

stereoplotter which, through a metrigraphic terminal, punches the coordinates

on IBM computer cards. The scales in the three orthogonal planes are derived

from steel tapes and rods of known length attached to the calibration units

in the stereo image. The front and back stereopairs are scaled independently.

Plotting of the subject begins with the highest point of the head for the
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front stereopair and moves from side to side working downwards. Successive

plotting levels are determined from the markings on the steel tape. The

levels are separated by 5 cm over most of the body with special cross-

sections taken at the arm pits and crotch line. The same tape is used to

fix plotting levels for the back stereopair, thereby assuring a match

between the levels for the front and back of the body.

Initial Data Processin 9

The card deck is processed by a computer program which calculates the scale

factors, shifting front and back coordinates to a common coordinate system,

converting the raw coordinates into centimeters, matching the fronts and

backs, and output to magnetic storage a level-by-level coordinate description.

Cross-sections of each level is plotted on microfilm and examined. Any

stereoplotting errors which may be found are corrected, and frontal and

profile views are plotted on graph paper by a program using the processed

level-by-level data.

Analysis of Data

In the present study, the cross-sectional area of the body at each plotted

level was computed automatically, using a specially designed computer pro-

gram. Areas invisible to the cameras were interpolated. Curve-fitting

techniques were used to derive the cross-sectional area at 1 mm intervals

over the head and trunk, and both arms and legs. The volume of a body

segment under examination was calculated by integrating the cross-sectional

areas between the previously determined landmarks. Volume comparisons
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shown as percent changes were made between the pre-bedrest value and each

of the post-bedrest values for the arms, chest, abdomen, buttocks, thighs,

and calves for all six subjects.
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RESULTS

The regional body volumes are given in Table 2 through Table 8 along with

the changes from the values obtained one day before bedrest. The weights

(accurate to lO0 g) at the exact moment of biostereometric measurement

are given in Table I. The total body volumes are calculated separately

from the regional body volume determinations in Table 8. Dividing the

weight by the corresponding total volume yields the subject's density as

shown in Table 9. Table lO details the calculated total body surface area.

Percent changes in regional body volume for each subject along with the

corresponding weight changes are shown in Figures 2 through 7. The com-

parative weight changes for all subjects are given in Figure 8. Figures 9

through 15 show the individual volume changes for each major body region.

The percent changes in mean regional body volumes from those recorded one

day before bedrest for each measurement day are given in Figure 16 along

with the corresponding changes in mean weight.

The six subjects can be divided in two groups; those who gained weight, and

those who lost weight (Figure 8). The mean regional body volumes are shown

for each of these subgroups in Figures 19 and 20.
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DISCUSSION

While the chest is the largest single body region, it is also the most

difficult region to measure accurately. The measurements were made at the

moment of minimum lung volume in a normal breathing cycle as determined by

the photographer. In a situation where a discrepancy of 140 ml can mean a

l.O percent change in chest volume, it is obviously important to account

for lung volume variations.

Inspection of Figure 14A shows an inconsistency in mean density values

which should not have varied more than 0.1 percent. A negligible change in

body density is ascribable to changes in muscle mass and fluid volume since

each has a density of l.O. Bone mass, with a density of 1.85, probably

doesn't change appreciably during a 4-week period, leaving only a change in

fat volume (density 0.91)to account for body density changes. Although

several subjects underwent as much as a four percent weight change during

the bedrest, the mean weight for all six subjects remained almost unchanged

(Figure 17) which seems to rule out the effects of fat volume changes on

the mean body densities recorded in this study.

On the assumption that irregularities in lung volume recordings were the

major cause of body density inconsistencies (Figure 14A), new chest and

abdomen volumes were calculated (Table 12). The measured total volumes

were corrected according to a formula derived to resolve differences be-

tween volumes obtained using biostereometric techniques and volumes of the

same subjects obtained from hydrostatic weighing, where Vw = -I.7946 l +

0.9859 Vst. Using the BR-I mean density as a standard, total volumes were
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recalculated using the respective mean weight of each subject and the dif-

ference between the two new total volumes computed. One-half of each

difference was added to the respective chest volume while one-fourth of

each difference was added to the respective abdomen volume. Figure 14B

shows the adjusted changes in these volumes. While this approach is some-

what subjective, it may provide a more accurate estimate of the changes

that actually took place.

Using these new values, it seems (Figure 14B) that mean chest volume in-

creased as a result of bedrest. The mean abdomen volume increased approx-

imately 2.5 percent in response to bedrest, rose a bit more as a result of

the ingested saline solution and then fell back to near pre-bedrest levels.

This suggests that much of the fluid that disappeared from the legs may

have shifted to the abdomen.

Volume changes in the buttocks reflect changes in weight, but in a more

exaggerated manner. A caloric intake requirement per day per kilogram of

lean body mass could be determined from these buttock volumes for comparism

with the figure arrived at by Whittle et al. (1976) of 49 Kcal/day/Kg LBM

for weightless conditions. Unlike the legs which gained volume in the

post-bedrest period and the abdomen which lost volume, the buttocks showed

no net change in volume as a result of bedrest, suggesting that this region

neither lost nor gained an appreciable amount of fluid. It appears that the

buttocks did, however, respond to net changes in body fluid volume on day R+l

(Figure 17) in response to the one liter of ingested saline solution and

day R+O following the biostereometric measurement. The mean volume change



L.8

in the buttocks of the weight gainers dropped during the first post-bedrest

day as opposed to the respective volume change in the weight losers which

increased (Figures Ig and 2D).

Thigh volume changes, somewhat like the changes seen in the buttocks, are

related to weight changes. Figures Ig and 20 reveal the different responses

seen in thigh volume as related to weight gain or loss. The mean thigh

volume of the weight gainers, for the most part, showed a gain over pre-

bedrest values with the low point actually coming two days following bed-

rest, which points to an increase in fat in this region. The increase in

thigh volume following day R+2 suggests that, indeed, lost fluid was being

replaced in the thighs of the weight gainers.

In contrast, post-bedrest volume changes in the thighs of the weight losers

were markedly different. The thighs in these individuals showed the greatest

loss in volume for any body region in this group, which suggests that an

appreciable amount of both fat and fluid were lost along with some muscle

nwiss.

The calves, with the greatest hydrostatic pressure gradient, showed the

largest overall loss in volume due to bedrest of any of the body regions

(Figure 17). Calf volume showed the most significant change (P < O.Ol) over

pre-bedrest levels with a decrease of 3.7 percent. By day R+2, the mean

volume was within 0.4 percent of the value attained by the end of the 8-day

recovery period. Again, the contrast between the weight gainers and the

weight losers is quite evident. In the weight gainers, the mean calf
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volume dropped slightly below the R+O value on day R+2 and then rose to

within 0.3 percent of the pre-bedrest value. Calf volume in the weight

losers, on the other hand, showed a sharp increase during the first recovery

day and an additional but much smaller increase the next day, but dropped
k

slightly by day R+8.

The accurate determination of arm volumes is greatly affected by the re-

producibility of the vertical cut-off planes at the shoulders. However,

the trend in changes in arm volume from BR-I can be gauged from Figure 17

which follows closely changes seen in the abdomen and chest. Problems

encountered in determining cutoff values can be overcome by adding a few

strategically placed landmarks in the shoulder region prior to photography

which had not been included in the present protocol.
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CONCLUSIONS

In this bedrest study there was a shift in body fluid away from the lower

regions of the body and some muscle atrophy was clearly apparent. The major

fluid accumulation was in the abdomen and chest region, although the rela-

tive proportions are partially obscured by small variations in lung volume.

Changes in weight were mainly reflected by an increase in buttocks volume

(by a factor of from 1.6 to 2.0) which is consistent with previous observa-

tions that this region is a sensitive indicator of net changes in body fat.

The variations in chest and abdomen volume seem to be inversely related to

body density (Figure 14A) which implies not only that breathing influenced

these volumes but that the expiratory reserve volume of the lungs was af-

fected in a non-random manner by bedrest.

Interesting parallels were apparent between the response of the human body

to prolonged space flight and to bedrest over a 28-day extended period. On

the final Skylab mission biostereometric measurements were made on recovery

day, the next day, and four days following recovery in addition to three

pre-flight measurements. Figures 21 through 24 show the changes in post

flight regional body volumes from the mean pre-flight values compared to the

mean changes in post-bedrest volumes from values obtained the day before the

bedrest began. Comparative volume changes in the thighs and calves between

Skylab and Bedrest are similar although less pronounced in the bedrest

subjects. Changes in buttock volumes more closely follow each other during

the first two post recovery days than later in the recovery period.
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A comparison of abdomen volume changes suggests a fundamental difference

between the physiological effects of space flight, which causes a volume

deficit, and bedrest, which causes a volume increase. There is strong

evidence that much of the fluid which shifted from the lower portion of the

body during weightlessness was removed from the body, while most of the

fluid shifting from the lower portion of the body during bedrest moved to

the abdomen and chest. This hypothesis is strengthened by comparing weight

changes before, during and after the two experiences. The onset of weight-

lessness brings about a fairly rapid 3 to 4 percent decrease in weight with

the reverse effect being observed after returning to a normal gravity situa-

tion. The onset of bedrest, on the other hand, brought about a very slight

increase in weight followed by no significant overall change after the re-

sumption of normal activities.

Biostereometrics is a relatively new science, but it is emerging as a

powerful tool in the medical and biological sciences. The stereoscopic

photographs of the bedrest subjects took no more than five minutes of the

subjects' time for each measurement, but constitute a permanent and detailed

record of each individuals body form, which may be re-examined at any future

date, either to answer new questions, or to take advantage of the increased

accuracy resulting from improvements in the analytical technique.
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Table l: Weight in Kilograms

Subject BR-I R+O %Chg R+I %Chg R+2 %Chg R+7/8 %Chg

l 76.60 74.50 -2.7 74.75 -2.4 74.88 -2.2 73.85 -3.6
2 70.10 67.75 -3.4 69.]3 -I.4 68.55 -2.2 68.65 -2.1

3 73.50 74.20 l.O 74.55 ].4 73.85 0.5 75.10 2.2

4 62.65 6].85 -I.3 61.55 -I.8 61.55 -].8 61.65 -1.6

5 74.80 78.05 4.3 78.00 4.3 77.05 3.0 77.10 3.1
6 64.85 65.10 0.4 66.75 2.9 65.30 0.7 65.40 0.8

Mean 70.42 70.24 -0.3 70.79 0.5 70.20 -0.3 70.29 -0.2
SD 2.8 2.7 2.1 2.6

Subject BR-I

Table 2: Chest Volume in Liters

R+O %Chg R+] %Chg R+2 %Chg R+7/8 %Chg

] ]5.ll 13.98 -7.5 ]4.64 -3.1 15.01 -0.6 14.77 -2.2

2 12.17 12.51 2.8 12.94 6.3 ]2.25 0.7 ]2.35 1.5
3 13.68 14.22 3.9 14.56 6.4 13.44 -1.8 14.08 2.9

4 12.76 ]2.65 -0.9 12.93 ].3 12.68 -0.6 12.66 -0.8
5 17.85 18.25 2.2 18.43 3.2 ]7.86 O.l 17.94 0.5
6 13.]2 13.61 3.7 14.01 6.8 13.33 ].6 13.56 3.4

14.20 0.7 14.58 3.5 14.10 -0.]

4.4 3.9 l.2

Mean
SD 14.23

14.12
0.9
2.2

Table 3: Abdomen Volume in Liters

Subject BR-] R+O %Chg R+] %Chg R+2 %Chg R+7/8 %Chg

] ]4.30 14.32 0.2 ]3.98 -2.2 ]3.72 -4.1 ]3.86 -3.1

2 11.38 I].]5 -2.0 ]I.59 ].8 11.22 -1.4 ]1.02 -3.2
3 ll.9] 12.25 2.9 12.49 4.9 II.88 -0.3 12.]9 2.4

4 10.15 10.02 -].3 lO.lO -0.5 I0.03 -I.2 9.99 -1.6

5 13.]4 14.43 9.8 14.25 8.4 13.50 2.7 ]3.63 3.7
6 II.48 li.67 1.7 12.19 6.2 II.57 0.8 11.74 2.3

Mean 12.06 ]2.31 2.3 ]2.43 3.3 ]1.99 -0.3 12.07 0.3
SD 4.3 4.] 2.3 3.1



Subject

]
2
3

4
5
6

Mean
SD

Subject

BR-1

Table 4: Buttock Volume in Liters

R+O %Chg R+I %Chg R+2 %Chg R+7/8

15.72 14.68 -6.6 14.86 -5.5 14.65 -6.8 14.70 -6.4
13.89 13.34 -4.0 13.60 -2.1 13.59 -2.2 13.67 -1.6
13.48 13.85 2.7 13.77 2.2 13.82 2.5 13.72 1.8

11.64 11.12 -4.5 11.42 -1.g 11.24 -3.4 11.39 -2.1
14.37 15.40 7.2 15.05 4.7 15.04 4.7 15.02 4.5
12.56 12.82 2.1 12.93 2.9 12.72 1.3 12.88 2.5

13.61 13.54 -0.5 13.60 -0.1 13.51 -0.7

5.3 3.8 4.2

BR-I

Table 5: Thigh Volume in Liters

13.56

%Chg

R+7/8

12.21
10.45
12.34

10.83

-0.4
3.9

R+O %Chg R+I %Chg R+2 %Chg

l 12.75 12.31 -3.5 12.10 -5.I 12.32 -3.4
2 10.83 10.16 -6.2 10.43 -3.7 10.54 -2.7
3 12.22 12.23 0.1 12.18 -0.3 12.15 -0.6

4 9.20 8.57 -6.8 9.01 -2.1 8.89 -3.4 g.14 -0.7
5 10.36 1.0.63 2.6 10.66 2.8 10.55 1.8 10.63 2.6
6 g.gs 9.70 -2.5 9.82 -1.3 9.82 -1.3 10.20 2.5

Mean 10.88 10.60 -2.6 10.70 -1.7 10.71 -1.6
SD 3.6 2.8 2.0

%Chg

-4.2
-3.5
1.0

Table 6: Calf Volume in Liters

Subject BR-I R+O %Chg R+I %Chg R+2 %Chg

l 7.41 6.96 -6.1 7.26 -2.0 7.28 -I.8

2 6.67 6.41 -3.9 6.56 -1.6 6.55 -1.8
3 7.04 6.92 -l.7 6.98 -O.g 6.g9 -0.7

4 5.71 5.38 -5.8 5.45 -4.6 5.49 -3.9
5 7.43 7.36 -0.9 7.48 0.7 7.37 -0.8
6 6.11 5.87 -3.9 5.90 -3.4 5.78 -5.4

6.73Mean
SD 6.48 -3.7 6.60 -2.0 6.58 -2.2

2.1 1.9 1.9

R+7/8

7.14
6.55
7.03

5.50
7.45
6.00

6.61

%Chg

-3.6
-I.8
-0.1

-3.7
0.3

-I.8

-I.8
1.6



Subject

l

2
3

4

5
6

Mean
SD

Subject

4

5
6

Mean
SD

BR-I

6.47
5.88

6.14

5.54
6.9]

5.92

6.]4

BR-I

79.67
69.98

73.2]

63.85

80.75

67.48

72.49

Table 7:

R+O %Chg

6.47 0.0
5.78 -1.7
6.36 3.6

5.46 -I.4
6.91 0.0
5.63 -4.9

6.10 -0.7
2.8

Table 8: Total

R+O %Chg

76.84 -3.6
67.96 -2.9
74.92 2.3

62.04 -2.8

83.50 3.4
67.35 -0.2

72.]0 -0.5
3.0

Arm Volume in Liters

R+] %Chg R+2 %Chg R+7/8 %Chg

6.33 -2.2 6.42 -0.8 6.10 -5.7

5.76 -2.0 6.03 2.6 5.71 -2.9
6.51 6.0 6.43 4.7 6.67 8.6

5.64 1.8 5.47 -].3

7.48 8.2 6.67 -3.4
6.01 ].5 5.73 -3.2

6.29 2.4 6.12 -0.3
4.2 3.2

Body Volume in Liters

5.42
7.27
5.80

6.]6

-2.3
5.2

-2.0

0.3
5.5

R+] %Chg R+2 %Chg R+7/8 %Chg

77.04 -3.3 77.]9 -3.1 76.65 -3.8
69.90 -0.] 69.20 -] .] 68.92 -] .5

75.7] 3.4 73.36 0.2 74.20 ].3

63.42 -0.6 62.6l -l.9 62.96 -l .4
83.20 3.0 81.43 0.8 81.90 1.4
68.98 2.2 67.25 -0.3 68.07 O.9

73.04 0.8 71.84 -0.9
2.6 1.4

72.]2

Subject

1
2

3

Mean
SD

BR-]

O.962
l.002
I.004

O.98]
O.926

0.96]

0.973

Table 9:

R+O %Chg

0.970 0.8
0.997 -0.5

0.990 -1.4

0.997 l.6

O.935 O.9
O.967 O.6

0.976 0.3

].]

Body Density

R+l %Chg R+2 %Chg

O.970 O.9 O.970 O.9
0.988 -].4 0.99] -].]

0.985 -].9 1.007 0.3

0.970 -].1 0.982 O.l

0.938 ].2 0.946 2.]
O.968 O.7 O.971 I.0

0.970 -0.3 0.978 0.5

].3 ].l

R+7/8

O.964

O.996
l.0]2

0.979
O.94]

O.96]

O.976

%Chg

0.2

-0.6
0.8

-0.2
1.6

-0.2

0.3
0.8



Table 10: BodySurfaceArea in Meter2

Subject

l
2
3

4
5
6

Mean
SD

BR-I

1.933
1.855
1.878

1.764
2.025
1.794

1.895

R+O %Chg R+l %Chg R+2 %Chg

1.908 -I.3 1.920 -0.6 1.915 -0.9
1.833 -I.2 1.862 0.4 1.833 -I.2
l.gll 1.8 1.914 1.9 1.912 1.8

1.716 -2.7 1.744 -l.l 1.729
2.065 2.0 2.059 1.7 2.037
1.785 -0.5 1.784 -0.6 1.794

-2.0
0.6
0.0

1.870 -0.3 1.881 0.3 1.870 -0.3

1.9 1.3 1.4

R+7/8

1.914
1.854
1.906

I. 737
2.049
1.810

1.878

%Chg

-0.9

-0.5
1.5

-I.S
1.2
0.9

O.l
1.2

Abdomen
Bottocks
Thighs
Calves

Table 11

Mean Regional Body Volume in Liters
For Skylab 4 Crew

Mean
Pre •

Flight R+O %Chg R+l %Chg R+4 %Chg
ll.16 I0.59 -5.1 II.35 1.7 II.04 -l.l
12.93 12.89 -0.3 12.96 0.2 13.09 1.2
9.02 8.59 -4.8 8.70 -3.5 9.03 O.1
5.98 5.53 -7.5 5.71 -4.5 5.86 -2.0



Table 12: Corrected Total Volume, Chest
Volume and Abdomen Volume

BR-I R&O R+I R+2 R+7/8

X Total Volume 72.49 72.10 73.04 71.84 72.12

X Adj. Total Volume 69.68 69.27 70.22 69.04 69.31

Weight 70.42 70.24 70.79 70.20 70.29

Density 1.0106 1.0137 1.0081 1.0168 1.0141

Total Volume for D=l.Ol06 69.68 69.50 70.05 69.46 69.55

_Volume 0.0 0.21 -.17 0.42 .24

Volume added to 0.0 O.ll -.09 0 21 12
Chest Volume • "

Adj. Chest Volume 14.12 14.31 14.49 14.31 14.35

Volume Added to Abdomen 0.0 0.05 - 05 O.lO 0.06
Vol.

Adj. Abdomen Vol. 12.06 12.36 12.38 12.10 12.13

Fig. 1 Stereometric

Measurement

Equipment Used for Photographic
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Fig. 17 Mean Percent Change in Regional
Body Volume from BR-I for all
Six Subjects

Abdomen Ab Calves Ca
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Fig. 18 Mean Percent Change in Density (D) Surface Area (SA),
Total Volume (TV) and Weight (W).



Fig. 19 MeanPercent Changein Regional BodyVolume
from BR-I for Weight Gainers, Subjects 3,5,6
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Fig. 20 Mean Percent Change in Regional Body Volume
from BR-I for Weight Losers, Subjects 1,2,4
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DISCUSSION

While the chest is the largest single body region, it is also the most

difficult region to measure accurately. The measurements were made at the

moment of minimum lung volume in a normal breathing cycle as determined by

the photographer. In a situation where a discrepancy of 140 ml can mean a
,I

l.O percent change in chest volume,.is obviously important to account for

lung volume variations.

Inspection of Figure 14A shows an inconsistency in mean density values

which should not have varied more than O.l percent. A negligible change in

body density is ascribable to changes in muscle mass and fluid volume since

each has a density of l.O. Bone mass, with a density of 1.85, probably

doesn't change appreciably during a 4-week period, leaving only a change in

fat volume (density 0.91) to account for body density changes. Although

several subjects underwent as much as a four percent weight change during

the bedrest, the mean weight for all six subjects remained almost unchanged

(Figure 17) which seems to rule out the effects of fat volume changes on

the mean body densities recorded in this study.

On the assumption that irregularities in lung volume recordings were the

major cause of body density inconsistencies (Figure 14A), new chest and

abdomen volumes were calculated (Table 12). The measured total volumes

were corrected according to a formula derived to resolve differences be-

tween volumes obtained using biostereometric techniques and volumes of the

same subjects obtained from hydrostatic weighing, where Vw = -I.7946 l +

0.9859 Vst. Using the BR-I mean density as a standard, total volumes were
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recalculated using the respective mean weight of each subject and the dif-

ference between the two new total volumes computed. One-half of each

difference was added to the respective chest volume while one-fourth of

each difference was added/to the respective abdomen volume. Figure 14B

shows the adjusted changes in these volumes. While this approach is some-

what subjective, it may provide a more accurate estimate of the changes

that actually took place.

Using these new values, it seems (Figure 14B) that mean chest volume in-

creased as a result of bedrest. The mean abdomen volume increased approx-

imately 2.5 percent in response to bedrest, rose a bit more as a result of

the in_sted saline solution and then fell back to near pre-bedrest levels../

This suggests that much of the fluid that disappeared from the legs may

have shifted to the abdomen.

Volume changes in the buttocks reflect changes in weight, but in a more

exaggerated manner. A caloric intake requirement per day per kilogram of

lean body mass could be determined from these buttock volumes for comparism

with the figure arrived at by Whittle et al. (1976) of 49 Kcal/day/Kg LBM

for weightless conditions. Unlike the legs which gained volume in the

post-bedrest period and the abdomen which lost volume, the buttocks showed

no net change in volume as a result of bedrest, suggesting that this region

neither lostAor gained an appreciable amount of fluid. It appears that the J

buttocks did, however, respond to net changes in body fluid volume on day R+l

(Figure 17) in response to the one liter of ingested saline solution and

day R+O following the biostereometric measurement. The mean volume change
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in the buttocks of the weight gainers droppedduring the first post-bedrest

day as opposedto the respective volumechange in the weight losers which

increased (Figures 19 and 20).

Thigh volumechanges, somewhatlike the changesseen in the buttocks, are

related to weight changes. Figures 19 and 20 reveal the different responses

seen in thigh volumeas related to weight gain or loss. Themeanthigh

volumeof the weight gainers, for the most part, showeda gain over pre-

bedrest values with the low point actually comingtwo days following bed-

rest, which points to an increase in fat in this region. The increase in

thigh volume following day R+2suggests that, indeed, lost fluid was being

replaced in the thighs of the weight gainers.

In contrast, post-bedrest volumechanges in the thighs of the weight losers

wa_-markedlydifferent. The thighs in these individuals showedthe greatest

loss in volumefor any body region in this group, which suggests that an

appreciable amountof both fat and fluid were lost along with somemuscle

mass.

Thecalves, with the greatest hydrostatic pressure gradient, showedthe

largest overall loss in volumedue to bedrest of any of the body regions

(Figure 17). Calf volumeshowedthe most significant change (P < O.Ol) over

pre-bedrest levels with a decreaseof 3.7 percent. By day R+2, the mean

volumewas within 0.4 percent of the value attained by the end of the 8-day

recovery period. Again, the contrast betweenthe weight gainers and the

weight losers is quite evident. In the weight gainers, the meancalf
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volume dropped slightly below the R+O value on day R+2 and then rose to

within 0.3 percent of the pre-bedrest value. Calf volume in the weight

losers, on the other hand, showed a sharp increase during the first recovery

day and an additional but much smaller increase the next day, but dropped

slightly by day R+8.

The accurate determination of arm volumes is greatly affected by the re-

producibility of the vertical cut-off planes at the shoulders. However, the

trend in changes in arm volume from BR-I can be gauged from Figure 17 which

follows closely changes seen in the abdomen and chest. Problems encountered

in determining cutoff values can be overcome by adding a few stra_ically ,_

placed landmarks in the shoulder region prior to photography which had not

been included in the present protocol.
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CONCLUSIONS

In this bedrest study there was a shift in body fluid away from the lower

regions of the body and somemuscle atrophy was clearly apparent. The major

fluid accumulation was in the abdomenand chest region, although the rela-

tive proportions are partially obscured by small variations in lung volume.

Changesin weight were mainly reflected by an increase in buttocks volume

(by a factor of from 1.6 to 2.0) which is consistent with previous observa-

tions that this region is a sensitive indicator of net changes in body fat.
e

The variations in chest and abdomenvolume seemto be inver_y related to

body density (Figure 14A) which implies not only that breathing influenced

these volumes but that the expiratory reserve volume of the lungs was af-

fected in a non-randommanner by bedrest.

Interesting parallels were apparent between the response of the humanbody

to prolonged space flight and to bedrest over a 28-day extended period. On

the final Skylab mission biostereometric measurementswere madeon recovery

day, the next day, and four days following recovery in addition to three

pre-flight measurements. Figures 21 through 24 show the changes in post

flight regional body volumes from the mean pre-flight values compared to the

meanchanges in post-bedrest volumes from values obtained the day before the

bedrest began. Comparative volume changes in the thighs and calves between

Skylab and Bedrest are similar although less pronounced in the bedrest

subjects. Changesin buttock volumes more closely follow each other during

the first two post recovery days than later in the recovery period.





SUMMARYAND CONCLUSIONS

by

Cheryl Mitchell, M.A. and Philip C. Johnson, M.D.

Bedrest is often used as a convenient analog for spaceflight, because it

produces many of the same physiological effects. Through bedrest studies

many changes have been documented, and a data base has been created for

comparison with spaceflight data. Bedrest studies allow a larger, more

diverse population to be tested with more sophisticated techniques, requiring

more subject time than is frequently possible with flights. These studies

also offer an opportunity to test proposed counter measures. Obvious differences

in the two situations exist, however, which should be thoroughly understood

before the utility of bedrest studies can be assessed.

Not found during this bedrest study was the desensitization to motion

sickness occurring in all crewmembers inflight and early postflight. Post

bedrest the marked deficit in postural stability and hyperreflexia seen postflight

were also absent. These differences were not totally unexpected, since gravity

even in the recumbent position still enables the semicircular canals to sense

directional changes and since the bedrest environment, already known and

familiar to the subject, does not require the central neural reorganization that

the completely new weightless environment requires. The EEG sleep studies found

that although bedrest produced changes which were even in certain instances

clinically abnormal (e.g. decreased REM latency), that bedrest was not a good

analog for studying spaceflight inducedEEG changes. The sleep laboratory did

not include the isolation, work load, and absence of pressure on the body of

weightless spaceflight, but bedrest did produce certain psychological stresses

peculiar to it. Suppression of the functional capacity of lymphocytes to

mitogenic stress, seen after Skylab 3 and 4 and ASTP, was also not found.
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In fact, bedrest produced a significant increase in WBC number and increased

responsiveness to mitogenic stress. These findings support the theory that

the suppression resulted primarily because crewnembers were not exposed to _

new antigenic stresses from foreign bacteria and viruses.

Other studies showed a more favorable correlation between bedrest and

spaceflight changes, although in no case did bedrest exactly duplicate

the spaceflight effect. Heart rates during maximum LBNP stress increased

linearly with time (r-.94) during 28 days of bedrest, and leg volume

decreased, showing a rapid first phase, due most likely to blood and ECF volume

decreases or shifts, and a slower second phase, due to muscle atrophy. Biostereo-

metric photos indicated that the spaceflight induced reduction of calf size (-8%)

was approximately twice that produced by bedrest (-4%). Despite these similarl-

ties, bedrest did not duplicate spaceflight in producing the large shifts of

fluid measured during inflight LBNPs. The increase in leg volume during maximum

LBNP was 83% larger in space than on earth. In these studies no greater

increase in leg volume was observed with LBNP during bedrest, even when

plasma volume was expanded with saline during the crossover study. The

vascular fluids must be far more labile in the gravity-less environment, and

the fluid shifts are probably more dramatic, as evidenced by inflight "head

fullness", LBNP induced leg distension, and postflight leg volume decreases.

ECF, measured using the 35S04 space, did not change significantly in

either situation. The total blood volume decreases were quite similar after

comparable periods of spaceflight and bedrest, although the red cell mass

decrease was greater after spaceflight (15.1% compared to -6.7% after bedrest)

and plasma volume decrease was greater after bedrest (-14.6% compared to -3.0%).

After the 28 day Skylab II, blood volume was 92% of the control while after

28 days of bedrest blood volume was 89% of the control. The apparent blood
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compartmental volumedifferences are partially narrowedby two findings

of this study. First, plasmavolumewas found to have a diurnal variation,

increasing about 200 ml between7 AMand 2 PM. Since recovery plasmavolumes

were performed after the astronauts had been awakeat least 8 hours during

reentry and recovery procedures, whereaspre spaceflight and pre and post

bedrest determinations were performed at 7 AM, the higher postflight plasma

volumes could indicate the diurnal increase. Hadthe plasma volumes been200 ml

lower, the decrease after Skylab II would have been g.5_ comparedwith the 14.6%

decrease of bedrest. Second, post bedrest red cell masscontinued to decrease

so that two weekspost recovery the red cell massdecrease (-12.1%) wasalmost

twice as large as it was the last day of bedrest. It is possible that fragile

or older cells,which were conserved becauseof the lack of exercise stress, were

not conserved during spaceflight or were lost during the reentry and recovery

procedures. Since the first post bedrest determination was at two weeks, we

are unsure when the add_tiona7 drop occurred. Post bedrest SEM red cell shape

changes suggest that the lost red cells were abnormally shaped (non-discocytes).

The bedrest induced increase in abnormally shaped red cells was not found on

Skylab recoveries and no additional decrease in red cell mass was seen. The

additional postbedrest drop makes the spaceflight and bedrest decreases quite

comparable (-15.1% and-12.1%) although the time course of the changes appears

different. During bedrest, the red cell mass has been found to decrease

linearly with time up to 35 days_but postflight larger deficits in red cell

mass were seen after the 28 day mission than the 59 or 84 day missions, so that

the decrease might not be progressive after 35 days. The delayed increase in

reticulocytes seen after Skylab II was not found after bedrest.

During bedrest, supine bicycle exercised heart rates were statistically

significantly elevated by BR+21. Post bedrest bicycle testing (75 watt)

showed elevated heart rates both in the upright and supine positions which



M. 4

had not returned to prebedrest levels by R+13. During and post bedrest,

cardiac outputs increased during exercise, a finding dissimilar to the

findings of spaceflight and most other bedrest studies, where cardiac outputs

usually remain the same or decrease. Other exercise induced changes were

more variable even among the different spaceflights, so that no conclusions

can be safely drawn about how well bedrest reproduced the effects of spaceflight.

Isometric exercise testing showed an increased muscle fatlgabillty post

bedrest similar to that seen postflight.

Biochemical and endocrine changes of bedrest were similar in kind,

but not in magnitude,to those produced by spaceflight. Like spaceflight,

excretion of sodium, potassium, chloride, calcium, inorganic phosphate,

cortisol, aldosterone, and ADH increased during bedrest as did plasma

renin activity. Unlike spaceflight, T-3 and T-4 were not affected.

Because of the pre bedrest variability in ADH, water intake and urine

volume, it is impossible to determine if the Henry Gauer reflex is

triggered by the transient central hypervolemia.

In addition to further documenting spaceflight induced changes, the

present bedrest study, because of modifications in the Skylab protocol, allowed

certain mechanistic theories of deconditioning to be analyzed. Mentioned

by most investigators as contributive to deconditioning is the upward shift

of vascular volume, interpreted by the body as a hypervolemia and resulting

eventually in a decreased plasma volume. This homeostatic adaption of the

fluid distribution to the space environment causes problems only when the

astronaut or bedrest subject is suddenly resubjected to a longitudinal

gravitational stress. The decrease in blood and plasma volume seen postflight

or postbedrest has been associated with the LBNP and exercise changes, however,

the exact relationship among the changes has not been determined.
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Also important to the deconditioning of bedrest and of at least the early

spaceflights is the relative inactivity of subjects or cre_nembers. In most

of the early missions the very athletic astronauts assiduously trained pre-

flight, and they becameabruptly inactive during flight. Muscle groups went

unused, and the long bones of the body were no longer neededto support the

body's weight, resulting in muscle and osseous atrophy. Not knownis whether

heart muscle shares in this atrophy. Heart size has beenfound to decrease

post flight and post bedrest. Thesedecreases have beenseen even in the

supine position post bedrest. Echocardiographic studies and left venticular

function curves were performed or constructed only after the 84 day mission,

when the inflight exercise levels were at their highest. After this mission

no decrement in exercise tolerance was seen. The slight changes in stroke

volumeand cardiac size after this flight probably resulted from the decreased

blood volume in that no significant alteration in cardiac function occurred

(ventricular function curves). Skylab inflight and postflight systolic time

interval analysis, however, showeddecreased ejection time indexes and

increased pre-ejection periods which could be explained only partially by

the decreased blood volume, in that the systolic time interval changes remained

abnormal even after the blood volume had returned to preflight levels. In

Skylab II increased heart rates were seen inflight similar to those seen

during supine exercise at 21 days of bedrest. These increases should be

blood volume unrelated and are probably related to changesproduced by the

inactivity,in that thermally dehydrating normal subjects to produce plasma

volume deficits of up to 25%does not cause increased heart rates except in

the upright position. Whenmore inflight exercise wasperformed in later

Skylab flights, progressive increases in heart rate response to exercise

were not seen. In our bedrest study, subjects showedslight lowering of
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supine exercise heart rates at the beginning of bedrest, indicating that

the lowered blood volume was adequate or even more suitable to the supine

position. Only later (day 21) did the heart rates increase during supine

exercise.

There appears, therefore, to be a factor resulting from the inactivity

which contributes to the so called cardiovascular deconditioning, as well as

a factor resulting from the decreased blood volume and from a possible ECF

shift. Early_fluid volume deficits and redistribution are probably more

important. When the literature is reviewed it appears that plasma volume

decreases rapidly during bedrest reaching a I0% deficit in a few days. In

our study the maximum deficit occurred at 3 weeks with a slight increase

occurring between the third and fourth week. The red cell mass decrease

appears linear at least up to 35 days (r=0.96). Although no significant de-

crease in ECF was shown at 27 days of bedrest, leg volume measurement showed

an early decrease (approximately one week) too great to be accounted for only

by blood volume changes, indicating an ECF shift of about 200 ml. This shift

could further compromise the cardiovascular system during LBNP as fluid extra-

vasation occurs during orthostatic or LBNP stress. Attempts to demonstrate an

increased plasma extravasation during bedrest LBNPs have not been fruitful, but

_ncreases may be too slight to be measured with present techniques.

Later in bedrest, non blood volume related factors become important.

Leg measurements show a continual gradual decrease in leg volume between 13

and 27 days, demonstrating muscle atrophy. Biostereometric analysis indicates

that only part of the decrease is repleted by 2 days post recovery and that

the legs remain smaller even at 8 days. While the major blood volume

decreases occur early, the LBNP stressed heart rate increases linearly with

time (r=.94), and the two parameters are not correlated at either 13 or 27

days. Heart rates during exercise (supine and upright) also remain elevated

14 days post recovery, when blood volume is close to prebedrest values, and
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exercise stressed heart rates are increased during bedrest when blood volume

ought to be adequate and whenvenous return is facilitated. The crossover

study at days 13, 14 and 15 of bedrest, testing the LBNP+ saline counter

measure, showedthat the increase in plasmavolumewith saline therapy alone

was double that of LBNP+ saline, although the LBNP+ saline treatment showed

the greatest protective effect with regard to LBNPtesting. Plasmavolume

remainedmore elevated the morning after LBNP+ saline therapy than it did after

the other trea_ents, but LBNPstressed heart rates and leg volume measurements

had returned to pretreatment levels.*

* SeeRedCell Massand PlasmaVolumeReport for a more thorough discussion
of the results.
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I. Biochemical

Io

u

e

Mean urinary excretion of co_isol increased 26%, aldosterone increased

20% (p<O.03) and _H increased 48% .during the period of bedrest.

Cortisol and ADH remained elevated while aldosterone returned to

prebedrest levels after the subjects were up and about.

Urinary excretion sodium {p<.OOl), potassium (p<O.Ol}, chloride (p<.O1),
calcium (p<.OOl) and inorganic phosphate (p<.02] were also elevated
during bedrest.

4. During the crossover urinary excretion of sodium, chloride, aldosterone,
and cortisol were significantly elevated on the day of the LBNP + Saline
treatment, while sodium and chloride were elevated with the saline treat-
ment and aldosterone was decreased.

5, Plasma/serum glucose remained the same while insulin was elevated on

BR+27 and during recovery. 7-3 and 7-4 were not significantly changed.
Triglycerldes were elevated not only during bedrest but on R+l. Ionized
Calcium was elevated on BR+21, BR+27, R+6, and R+13.

6. Plasma angiotensin was elevated on both days 21 and 27 of bedrest.

III.

II. Metabolic Balance

I. Subjects were in negative calcium balance prebedrest; excretion of
calcium increased during bedrest.

Hematology and Immunology

SEM

1.

classification of red cells and erythrocyte stimulating activity.

There was a statistically significant and progressive decrease in the

percentage of discocytes in bedrest and post bedrest (R+l) which returned
to normal by R+13.

e

.

4.

Erythrocyte stimulating activity of 5 of the 6 subjects peaked at

BR+8 and R+O, remained high at R+6 and returned to control by R+13.

Reticulocyte percentages peaked at R+I and remained high at R+13.

Significant increases of WBC were seen on R+O after both the 14 and

28 day bedrest studies. There was no stress induced loss of lymphocytes
on R+O, R+l, or R+3.
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IV. Red Cell Mass and Body Volume Changes

I. No significant change in ECF or TBW occurred.

2. Plasma volume decreased II.4% in 13 days, 16.4% in 21 days and
14.2% in 27 days.

3. Red cell mass decreased 3.1% in 13 days, 6.7% in 27 days and 12.1% by
two weeks post bedrest.

4. No significant change in ferrokinetics occurred.

. Saline treatment during the crossover study produced the largest
plasma volume increase (+416 ml); LBNP + saline produced a 186 ml
increase.

. Plasma volume increases approximately 200 ml from 7 AM to 2 PM in
normal, upright individuals on a high or low sodium diet and in supine
individuals the first day of bedrest.

V, LBNP

I. Resting heart rate increased slightly during bedrest

.

o

(Control) 56.5 bpm (2l days) 65.2 (27 days) 63.7

Heart rate during -50 LBNP

Prebedrest BR+7-11 13 21 27 R+O R+l R+2 R+7

73.5 90.0 94.8 I02.0 I06.8 I03.5 95.2 90.2 78.7

Greatest increase during first II days 16.5 bpm; linear thereafter to end
of bedrest; slight decrease between BR+27 and R+O; only slightly elevated
by R+7.

Right arm circumference decreased .4 cm during bedrest and did not increase
with LBNP and saline treatment on R+O. Left calf circumference decreased

.8 cm during bedrest and increased .4 cm with treatment on R+O.

4. Left Leg Volume (resting) ml

BR-I BR+7-11 13 21 27 R+O R+I R+2 R+7

7789 7600 7660 7560 7505 7620 7662 7764 7748

Greatest decrease during first II days; additional gradual decline until

BR+27; ll5 ml increase between BR+27 and R+O; LBNP + saline treatment on

R+O increased leg volume to 7943 that PM; it decreased to 7662 by R+l.
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VI.

Incremental

Prebedrest
Control Nothing

+30% +53% +37% +28%

During crossover, no carry over effect.

increase in heart rate during -50 LBNP after various treatments:

At Two Weeks (PM)
Saline 'Saline + LBNP

_ R+O (PM)
Saline + LBNP

+26%

6. Stressed heart rate returned to pretreatment level by the next AM.

7. Resting leg volume after LBNP + saline treatment increased 4.5% at
two weeks and 4.2% on R+O.

8. % Calf volume change during maximum LBNP stress was the same regardless
of treatment

g. During -50 LBNP on R+O post-LBNP + saline treatment, PEP/LVET ratio
increased significantly.

Cardiothoracic ratios decreased in 4 out of 5 subjects (standard upright
6 ft. chest film).

BicTcle Exercise

I. Resting heart rate increased slightly during bedrest (p<.05 on BR+21)

2. Supine 75 watt exercise:

Heart rates decreased initially during bedrest, then gradually increased
(p<.05 on BR+21). They remained elevated throughout postbedrest recovery
period.

3. 5 Minute Recovery from supine exercise:

Heart rates remained elevated from BR+I4 through the end of the recovery
period.

4. Upright 75 watt exercise:

On R+O heart rate increased 14% and remained elevated throughout the
recovery period.

5. 5 Minute Recovery from upright exercise:

Elevated 47% on R+O and remained elevated throughout recovery period.

6. Supine 75 watt exercise:

Although technical difficulties reduced the number of useable measurements,
cardiac output and stroke volume remained elevated throughout bedrest.
Post bedrest cardiac output remained elevated on R+O, R+l, R+2, and R+B,
while stroke volume was significantly elevated only on R+2 and R+8.
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7. Upright 75 watt exercise:

o

g.

10.

Cardiac output was statistically significantly elevated on R+O through
R+8, while stroke volume was decreased on R+8.

During bedrest total periphera] resistance remained the same at rest

and decreased during exercise. Post bedrest total peripheral resistance

was unchanged at rest, and decreased during supine and upright exercise
on R+2 and R+8.

During the crossover heart rates were not significantly affected by any
treatment. Cardiac output appeared to be reduced during rest and exer-
cise after both saline and LBNP + saline treatments, however, data are

incomplete because of technical difficulties.

On R÷O upright heart rate was reduced 13 BPM at rest, 9 BPM during
exercise and 13 BPM during recovery after LBNP + saline treatment.

VII. Isometric Exercise

I. Muscle fatigability to isometric contraction increased during bedrest as

measured by quantity of spectral power in the lower frequencies.

VIII. Motion Sensor Data

1. The subjects would be ranked from most to least active as follows:

3, 2, l, 6, 4, 5.

2. No correlation existed between the amount of activity and degree of
deconditioning.

IX. Vestibular Systems Function

l • Susceptibility to coriolis motion sickness increased slightly in 4 out
of 6 subjects on R+O, but the significance is questionable, and the

increase may have been non-vestibular in origin. Subject l proved almost
totally resistant to motion sickness, presumably as a result of

streptomycin therapy as a child.

2. Results of vestibular-spinal reflex were inconclusive.

. Static rail balancing tests revealed only short-lived and functionally

insignificant alterations in post bedrest postural equilibrium

performance.
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X. EEG (Subjects 2 and 3,participated in these studies)

I. During bedrest, sleep latency increased. Prebedrest neither subject had
difficulty f)lling asleep and the average sleep latencies were well below
lO minutes. Subject 2 averaged 12.6 minutes during the first half of

bedrest and 35.4 in the second half, while subject 3 averaged 15 minutes
and 53.4. Post bedrest the averages promptly decreased.

1 Subject 2 showed a slight but significant increase in the average
percent Stage l postbedrest (14.3% to 1g.6%). Subject 3 had slightly

less Stage l in the first half of bedrest (6.Z% to 5.2%).

3. Both subjects showed small but significant drops in percentage Stage 2
during the second half of bedrest (Subject 2 5].2% to 43.9%, Subject 3
59.4% to 51.2%). Post bedrest the values for Subject 2 remained low
while those for Subjec t 3 returned to baseline.

4. Total time spent in Stage 3 increased during bedrest for both subjects.
In the second half Subject 2 increased from a baseline of 9.7% to 12.6%
and Subject 3 increased from 1].8% to 15%.

5. No significant changes were seen in Stage 4.

o REM latency, the time elapsed between sleep onset and the first REM

appearance, decreased during the second half of bedrest (Subject 2
l hour to 0.62; Subject 3 1.86 hours to 0.85 hours).

e The number of REM periods also increased slightly during bedrest for
both subjects but this finding was not statistically significant. Post
bedrest subject 2 did have a significant increase. Time spent in REM
was also significantly increased in this subject during the first half
of bedrest.

XI. Biostereometric Measurements

IQ Post bedrest on R+O weight remained the same while thighs (-2.6%±3,6%),
calves (-3.7%±2.1%), arms (-0.7%±2.8%) decreased and abdomen (+2.3%±4.3%)
increased. (Mean * SD).

o The six subjects separated into two groups, one which lost weight
(subjects l, 2 and 4) and one which gained weight (subjects 3, 5, and 6).
The % change of the buttocks and to a lesser extent of the abdomen

clearly demonstrated this separation. The buttocks and weight changes
are strongly correlated.

B The calves which demonstrated a 3.7% decrease in volume on R+O had

reconstituted about half their loss (I.7%) by R+I, but remained l.B%
down even on R+7. These measurements indicate the contribution of fluid

loss and atrophy to the total decrease. The thighs showed a more linear
increase with time post bedrest.
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